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In relation to void fraction and flow regime transition predictions of cross-flow in 
horizontal tube bundle of steam generator, a phenomenological drift-flux correlation and 
new flow regime transition criteria have been developed to meet the demand on the study 
of two-phase flow gas and liquid velocities, two-phase pressure drop, heat transfer, flow 
patterns and flow induced vibrations in the shell side of the U-bend section of the steam 
generator.  
 
The distribution parameter is obtained by assuming constant asymptotic values and taking 
into account the differences in channel geometry. The drift velocity is modelled depending 
on the non-dimensional viscosity number. Void fraction effects on drift-flux parameters 
are also considered for computation capabilities in higher void fraction regions. The new 
model agrees well with cross-flow experimental databases of air-water, R-11 and R-113 in 
parallel triangular, normal square and normal triangular arrays with a mean absolute error 
of 1.06% and a standard deviation of 4.47%. In comparison with other existing correlations, 
the developed correlation is superior to other studies due to improved accuracy. Prototypic 







operating conditions demonstrates the scalability of the new drift-flux correlation due to 
plausible estimation trends opposed to other models. The current developed drift-flux 
correlation is able to calculate the void fraction of cross-flow over a full range with 
different sub-channel configurations in shell-tube heat-exchangers. A new approach for 
implementing the drift flux model to predict the void fraction over the entire steam 
generator region has been proposed. 
 
For the flow regime transition criteria, a new analysis approach has been proposed based 
on the analysis on the underlying physics of the cross-flow behavior. Based on the classical 
flow regime transition criteria by Mishima and Ishii (1940), the transitions from bubbly to 
cap bubbly, cap bubbly to churn and churn to annular have been modelled. The transition 
to finely dispersed bubbly flow has been modified based on the flow regime transition 
criterion for this regime developed by Taitel et al. (1980). The new phenomenological flow 
regime transition criteria include the fluid types, geometric effects and operating conditions, 
which can be applied to a wide range of engineering heat transfer systems. The newly 
developed flow regime map based on the developed flow regime transition criteria for the 
cross-flow have been validated with all the available data and existing flow regime maps. 
The new flow regime maps show reasonable trends against the other maps. In addition, 
sample flow regime maps using the newly developed criteria for typical steam generator 
and adiabatic heat exchanger systems working conditions have been plotted to provide a 








CHAPTER 1. INTRODUCTION 
1.1 Significance of Problem 
A steam generator is a type of heat exchanger.  Water that has passed through a nuclear 
reactor core (“the primary fluid”) is carried through the steam generator within thousands 
of metal tubes, known as “heat transfer tubes.”  Some of the heat contained in the primary 
fluid is conveyed through the walls of the heat transfer tubes to water flowing outside of 
the tubes (“the secondary fluid”).  The secondary fluid is water at the steam generator inlet, 
but the water boils into a two-phase mixture (steam/water) as heat transfers from the 
primary fluid to the secondary fluid, so that a good portion of the secondary fluid has 
become steam as it reaches the steam generator outlet.  After leaving the steam generator, 
the steam is the driving force that rotates a turbine to generate electricity. 
 
Some of steam generators have experienced some problems such as tube support corrosion, 
tube-sheet corrosion, tubing corrosion, fretting fatigue cracking and impingement, which 
have led to unplanned outages (Green and Hetsroni, 1995).  To avoid these problems, steam 
generator design should be improved based on detailed three-dimensional local thermal-
hydraulic conditions computed by steam generator thermal-hydraulics codes.  A porous 
media approach is usually utilized in the steam generator thermal-hydraulics codes.  A 






-nnels and the porosity is defined by the ratio of volume of flow channels to total volume.  
Various reliable steam generator thermal-hydraulics codes have been developed based on 
different two-phase flow porous media formulations. 
 
CAFCA code developed by EDF (Electricite de France in France) and FIT-III code 
developed by MHI (Mitsubishi Heavy Industries, Ltd.) adopt homogeneous flow model 
composed of three transport equations such as mass, momentum and energy conservation 
equations (Boivin et al., 1987; Hirao et al., 1993).  The velocity slip is considered through 
a void fraction-quality correlation.  ATHOS code developed by EPRI (Electric Power 
Research Institute) utilizes algebraic slip model composed of three transport equations such 
as mass, momentum and energy conservation equations (Singhal et al., 1982).  The velocity 
slip is considered through the momentum equation with a drift-flux type correlation.  
PORTHOS code developed by EPRI uses two-fluid model composed of six transport 
equations such as mass, momentum and energy conservation equations for gas and liquid 
phases (Chan et al., 1987).  The outputs of the steam generator thermal-hydraulics codes 
are utilized for improving the steam generator design and stability analysis of fluid-elastic 
vibration. 
 
A complete understanding of the flow structure requires the study of the two-phase pressure 
drop, flow patterns, heat transfer and flow-induced vibration. Liquid and vapor velocities 
are dependent on the void fraction (Godbole et al., 2011). Two-phase pressure drop 
estimation relies on the shell side two-phase flow local density distribution (Consolini et 






(2007) also pointed out that the dependency of the heat transfer coefficient on flow patterns 
requires the knowledge of void fraction. Void fraction and flow pattern transitions are 
intrinsically related which influence heat transfer in the heat exchanger. Excessive 
vibration in high flow rate systems due to fluid elastic instabilities such as steam generators 
leads to tube failure, fretting wear and corrosion, which should be avoided at design stage 
(Pettigrew and Taylor 2003). As pointed out by Khushnood et al. (2004), vibration 
excitation and damping mechanisms are also determined by void fraction and flow regimes. 
 
In order to enhance the code prediction capability, continuous improvements of 
constitutive equations are indispensable.  Among the constitutive equations, void fraction 
correlation is essentially important, because void fraction affects two-phase mixture 
density directly and two-phase mixture mass flux.  Void fraction constitutive correlations 
are often given for each flow regime, each channel geometry, and each channel orientation, 
but it is preferred to use a single void fraction constitutive correlation in the code.  However, 
since the two-phase flow structure changes from parallel flow along tube bundles in a 
vertically straight section to cross flow in a U-bend tube section, it is challenging to develop 
a single void fraction constitutive correlation which is applicable for all void fraction range 
in the steam generator. 
 
Well-renowned flow regime maps have been developed such as Hewitt and Roberts (1969), 
Taitel et al. (1980) and Mishima and Ishii (1984) for the pipe flow. However, flow patterns 
of the cross-flow in the horizontal bundles are more difficult than that in the tube systems 






can move along the tube without resistance, the configuration of the tube array constrains 
the motion of gas bubble as it rises and impinges on the tube which is an arduous flow 
direction. In a vertical tube system, the flow patterns usually include bubbly, slug, churn-
turbulent, annular and annular mist flow.  
 
However, with respect to the cross-flow system, no universal flow regime map has ever 
been developed phenomenologically. Thus, a more detailed approach needs to be 
elaborated to investigate the underlying physics of the cross flows in the tube bundle 
system. In general, the flow regimes of the cross flow in horizontal tube bundles are divided 
into three regions: bubbly, intermittent and annular. But the definitions of all the flow 
regimes vary through multiple researchers. 
 
Before finally determining the unified flow pattern map, the previous work should be 
recalled. Figure 1.1 combines all the representative existing flow regime maps into one 
graph including Grant and Chisholm (1979), Ulbrich and Mewes (1994), Xu et al. (1998) 
Noghrehkar et al. (1999) and Kanizawa and Ribatski (2016). From the Fig. 1.1, the 
controversial regions among these authors are generally the bubbly flow and intermittent 
flow regime. As the superficial liquid velocity exceeds 0.2m/s with superficial gas velocity 
between 0.4 to 3.9m/s, Noghrekar et al. (1999) characterize the flow as intermittent while 
Grant and Chisholm (1979) and Xu et al. classify it into bubbly flow (intermittent and churn 
flow are also parts of this area). However, Ulbrich and Mewes (1994) indicate a transitional 
region containing both bubbly and intermittent flow regimes. The flow regime map 






regime maps since it is the first predictive method. The boundary for transition from bubbly 
flow to intermittent flow of the superficial gas velocity for their study is slightly higher 
than Ulbrich and Mewes (1994), Xu et al. (1998) and Noghrehkar et al. (1999), but lower 




Figure 1.1 Summary of Flow Regime Maps for Upward Two-phase Cross-Flow in a 
Horizontal tube bundle 
 
 
Other minor discrepancies exist, for example, Xu et al. categorize the regime of lower 
superficial liquid and gas velocities as churn flow while the other maps insist on bubbly 
flow instead. Meanwhile, for the higher speed flow regime which transits to annular flow, 






superficial gas velocity. Grant and Chisholm (1979) has the largest superficial gas velocity 
when transferring to the spray flow. Ulbrich and Mewes (1994) and Xu et al. (1998) possess 
similar transitions boundary to the annular flow, where the shifting is caused by the 
different flow pattern definitions between the authors. Ulbrich and Mewes defines the 
dispersed flow as relatively low velocity intermittent dispersed flow and high velocity 
annular flow, however, Xu et al. only incorporates the low velocity intermittent dispersed 
flow into intermittent flow regime and considers the annular dispersed flow as the annular 
flow regime. Besides, Aprin et al. (2007) identified flow patterns of hydrocarbons in a 
parallel triangular array, but the flow regime transitions they observed are much smaller 
than all the previous mentioned investigators’ work in air-water systems. All of the existing 
flow pattern experiments have not yet performed measurement under very high superficial 
liquid and gas velocities, because the excessive flow induced vibration can damage or even 
destroy the experimental facilities (Kanizawa and Ribatski, 2016). More details on the flow 
patterns of the cross-flow and existing flow regime transition criteria will be discussed in 
chapter 4. 
 
1.2 Thesis Outline 
From the point of view in section 1.1, this study aims to develop a drift-flux correlation for 
improving the prediction accuracy of steam generator thermal-hydraulics codes developed 
based on homogeneous flow model.  In the meantime, a new predictive approach for the 







In the second chapter, basic drift-flux model theory is reviewed to highlight the importance 
of void fraction correlations.  Literature survey on existing void correlations and databases 
is presented afterwards. In chapter 3, the methodology of the newly developed physically 
based drift-flux correlation follows and then its computational results of the void fraction 
are compared with other correlations and data. Moreover, a predicted void fraction by the 
newly developed drift-flux correlation is calculated for the steam generator condition and 
the new predictive approach to estimate the void fraction over the whole steam generator 
region using the drift-flux model is provided. In the fourth chapter, extensive literature 
reviews on existing flow regime transition criteria and flow regime maps are conducted. In 
what follows, chapter 5 introduces the development methodology of the flow regime 
transition criteria for the cross-flow. After that, the new flow regime map for the horizontal 
tube bundles based on the developed flow pattern transition criteria is compared with other 
flow regime maps and data. Furthermore, a predictive flow regime map under the 
prototypic steam generator operating condition is provided. Finally, chapter 6 summarizes 
the whole study and offers some suggestions for the two-phase cross-flow analysis. 
Additionally, in Appendix, the data provided by Schrage et al. (1988), Aprin et al. (2007) 






CHAPTER 2.  EXISTING DRIFT-FLUX CORRELATIONS AND VOID-FRACTION 
DATABASES 
2.1 One Dimensional Drift-Flux Model 
This section briefly reviews the formulations and constitutive equations of the drift-flux 
model and discusses its application in various conditions. The well-renowned drift-flux 
Model (Zuber 1967) is a simplification form of the more detailed two-fluid model which 
is used in many current thermal-hydraulics system analysis codes (Wang et al., 2014). 
However, due to its simplicity and unique parameters representing the interfacial 
characteristics between phases to a wide range of two-phase systems with reasonable 
accuracy, the drift-flux model still plays a critical role in two-phase flow analyses. 
 
2.1.1 One Dimensional Drift-Flux Model Formula 
The general expression of the legacy drift-flux model can be expressed in the following 
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where gj ,  , gv , and j  are the superficial gas velocity , the void fraction, the gas velocity 







g gj v   (2.2) 
 
 1f fj v    (2.3) 
 
 1g f g fj j j Gx G x        (2.4) 
 
where G  and x  are mass velocity and quality which can be measured by experimentation. 
Further discussion about mass velocity will be covered in the later part of this article.  
and  are the mean simple area-average over the cross-sectional flow area and void 
fraction weighted area-average, respectively. 0C  and gjv  are the distribution parameter and 







   (2.5) 
 
    1 1gj g g f rv v j v v v          (2.6) 
 
where fv  and rv  are the liquid velocity and relative velocity. The void fraction weighted 







   (2.7) 
 
The appropriate mean transport drift velocity is defined by Eq. (2.8). 








2.1.2 Distribution Parameter 
The distribution parameter 0C  depends on pressure, channel geometry and flow rate which 
are simplified as factors of density ratio 
g f   and Reynolds Number fGD   (Ishii 
1977). The distribution parameter boundary approaches unity, when density ratio 
approaches unity. Thus distribution parameter can be represented approximately as the 







      (2.9) 
 
where C  is the ideal distribution parameter neglecting the density ratio effects. g  and 
f  are the gas and liquid phase density, respectively. The density group in Eq. (2.9) scales 
the inertia effects of each phase in a transverses void fraction distribution (Ishii and Hibiki 
2010). For a circular pipe, C  can be approximated to 1.2 for bubbly, slug and churn-







     (2.10) 
 
Meanwhile, Ishii also gave the following form of the distribution parameter for a 















For other geometries such as the annulus channel, Julia et al. (2009) give C  values 
ranging from 1.03 to 1.05 depending on the ratio of rod diameter over pitch distance while 
Ozar et al. (2008) fix its value at a constant of 1.1. In the bubbly flow regime for adiabatic 
flow, the lift force causes bubbles to move away from the channel core to the channel wall. 
It should be noted that this effect of the bubble size can vary the distribution parameter for 
upflow which has been studied by Hibiki and Ishii (2002b) are written as Eq. (2.12). 













6sm iD a   (2.13) 
 
where smD  is the Sauter mean diameter which can be calculated by using Eq. (13) (Hibiki 
and Ishii 2002a), ia  is the interfacial area concentration and HD  is the hydraulic diameter.  
For boiling flow, Ishii (1977) extended the use of Eq. (2.8) by adding a weighting factor to 
take into account the effect of wall bubble nucleation due to the concave void fraction 
profile. The subcooled liquid in the core of the channel and wall nucleation delay the bubble 
travelling towards the core, providing 0C  with an initial value around zero of the two-phase 
flow region. As the weighted area-average void fraction increases, the void distribution 
transits from the wall peak to the central peak leading to a convex profile which means the 
0C  value grows. For the above case, the Eq. (2.14) relates 0 0C   as 0   . 
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Ishii (1977) developed this equation for fully developed turbulent flow. Later, Hibiki et al. 
(2003a) developed the analytical bubble-layer thickness model to derive the constitutive 
equation for distribution parameter for boiling flow in the internally heated annulus using 
a modification factor,  , which incorporates the channel geometry effects of fully 
developed turbulent flow are modified as Eq. (2.15). 
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  (2.15) 
 
It is not the intent of this section to present mathematical theory and numerical 
approximation to the modification factor from the bubble-layer thickness model which can 
be found in the paper by Hibiki et al. (2003a). 
 
2.1.3 Drift Velocity 
The void fraction weighted mean drift velocity in Eq. (2.1) has various forms for different 
two-phase flow patterns. Ishii (1977) took into account the effect of interfacial momentum 
transfer in the kinematic constitutive equation of the drift velocity, and derived the 
following Eqs. (2.16) to (2.19) for the drift velocity over a wide range of flow regimes.  
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 (2.19) 
 
where  , g ,  , g  and f  are the surface tension, gravitational acceleration, density 
difference between two phases, gas viscosity and liquid viscosity, respectively.  
 
For bubbling or boiling pool systems which has relatively larger diameter than the pipe 
length compared to smaller tube systems, the instabilities at the interface leads to the 
absence of large-size Taylor bubbles which almost occupying the whole cross-section of 
the channel. At low flow conditions, cap bubbles and recirculation flow patterns both 
emerge contributing to a possible rise in the drift velocity. Kataoka and Ishii (1987) 
developed the constitutive equation for the drift velocity for large-diameter-channel 
systems (
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Higher viscous case: 32.25 10fN
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  is defined as the non-dimensional drift velocity in Eq. (2.22) and fN  is 




























  (2.23) 
 
The characteristic channel diameter is expressed as the dimensionless hydraulic diameter 
*


















The Kataoka and Ishii (1987) drift velocity correlation is applicable to experimental 
conditions of the pool boiling at 0.5gj
   when combining it with Eqs. (2.10), (2.11) and 
(2.16) implemented into Eq. (2.1). 
gj
  is defined as the area-average dimensionless 














  (2.25) 
 
Hibiki and Ishii developed (2003b) a correlation for a large diameter pipe as the following 
Eq. (2.26). 





  are respectively, the mean non-dimensional drift velocities 
computed by Ishii’s bubbly flow correlation (1977) Eq. (2.16) and Kataoka-Ishii 
correlation (1987) Eqs. (2.20) to (2.21).  
 
It should be noted that in the Kataoka-Ishii correlation (1987), the characteristic channel 
diameter has two different types. One is the hydraulic diameter of the sub-channel of the 
entire pool, and the other is the entire channel size. In this thesis, the hydraulic diameter 
should be selected as the channel box length instead of the sub-channel, because the drift-
flux model utilized for the horizontal tube bundle system should reflect the characteristics 
of the total flow throughout the channel. On the other hand, the flow behavior in each sub-







spanning over gap between bundles in churn turbulent flow regime is unable to describe 
the bubbles using a typical sub-channel length scale. For such a case, the transverse 
velocity profile of each phase as well as the hydraulic diameter of the channel resemble 
those of a single channel.  
 
2.2 Existing Correlations 
As indicated in Fig. 2.1, for the geometry of horizontal tube bundles in a heat exchanger, 
the cross-flow dominates in the channel. However, as discussed in the introduction chapter, 
both the cross-flow in horizontal tube bundles and parallel-flow in vertical bundles are 
observed in heat exchangers such as the steam generator U-tube, which consists of parallel-
flow mainly passing through the riser sections and cross-flow in the U-bend sections while 
parallel-flow is relatively weak. Thus, existing void fraction correlations for parallel and 
cross flows are discussed in this section.  
 
2.2.1 Cross-Flow in Horizontal Tube bundle 
For the cross-flow in horizontal tube bundles, several scientists have developed void 
fraction correlations for cross-flow in horizontal tube bundles. These correlations are listed 
and critiqued, including correlations developed Kondo and Nakajima (1980), Schrage et al. 
(1988), Dowlati et al. (1992), Haquet and Gouirand (1995), Delenne et al. (1997), Xu et al. 
(1998) and Feenstra et al. (2000).  The performances of all the listed correlation are 
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where P  is the tube (or rod) pitch. H  is the spacing of tube rows ( sin 60P  in authors’ 
paper). D  is the tube (or rod) diameter. 0L  is the tube length. This correlation considers 
low flow at maximum 0.0032 m/sfj   merely with their own experiment data, which 
shows incapability of the model to predict void fraction at high flow rate conditions. 
 
Schrage correlation (1988) 

















  (2.29) 
 







   (2.30) 
 
where GG  is the gap mass flux (also named pitch mass flux). Schrage’s correlation is 







closing valve techniques. However, for the correlation itself, in Eq. (2.29), when x  
approaches a tiny quantity, the void fraction may be an unanticipated negative value. 
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where 1A  and 2A  are fitted constant parameters. Various combinations of these two 
parameters have been explored by Dowlati et al. (1990, 1992 and 1996) to provide a best 
fit for their experiment data. Non-dimensional superficial gas velocity *gj  is defined below 









  (2.32) 
 
It should be noted that, two kinds of hydraulic diameter have been discussed in the last 
section. Similarly, two alternatives of superficial velocities can be categorized by different 
characteristic lengths. Eq. (2.17) adopts the GG  gap mass velocity which can be obtained 
from the relation g gG j x , but the superficial gas velocity here corresponds to the sub-
-channel gap making its value higher than that of the entire channel based on the total mass 
flux throughout the channel. As a result, Dowlati’s correlation may overestimate the void 
fraction.  
 
Haquet-Gouirand correaltion (1995) 
2







This correlation accepts the drift-flux model. 0a , 1a , and 2a  are quadratic polynomial 
coefficients fitted by the authors’ experimental data.  Void fraction can be calculated after 
substituting 0C  and gjv  into Eq. (2.1). Haquet and Gouirand (1995) developed the 
correlation using data of Freon 114 at 9 bar and 78 °C in a normal square array, but this 
correlation predicts unsatisfactorily lower values for void fraction and gas velocities. 
 















  (2.34) 
 
Delenne et al. (1997) used drift-flux correlation to best fit their experimental data for cross-
-flow where 0 0.9C  . The drift velocity is defined in Eq. (2.34) which is also accepted by 
Dowlati et al. (1992) and Feenstra et al. (2000). In contrast, Dowlati et al (1992) chose 
0 1.035C   while Feenstra et al. (1992) set 0 1C  . 
 


















  (2.35) 
 
where 1C , 2C , and 3C  are given best fit value based on their experimental data such as
1 1.07C  , 2 0.069C  , and 3 0.645C  for air-water mixture upward cross-flow. The 













   (2.36) 
 
where Xu’s Froude number is different from Schrage’s in Eq. (2.30) which is the square 
root of Eq. (2.36). The in-pipe Lockhart-Martinelli (1949) friction drop analysis is extended 
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where f  and g  are the absolute viscosity of liquid and gas phase, respectively. 
Subscript tt  means turbulent liquid and turbulent gas flow. Nevertheless, in their paper, 
the direct void fraction prediction by Xu correlation versus quality was not provided. 
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It should be noted here that Feenstra’s correlation (2000) is a semi-empirical model but an 
implicit function for void fraction, which means that an iteration calculation is necessary 
to compute void fraction. The convergence criterion is that the error between the assumed 
and predicted slip ratio value should be restrained within 0.005. 
 
2.2.2 Parallel-Flow in Vertical Rod Bundle 
As is discussed earlier in this chapter, drift-flux model is a powerful tool to analyze various 
two-phase systems. Coddington and Macian (2002) assessed 9 different types of drift-flux 
correlations validated with existing data sets which shows it is feasible to utilize drift flux 
model to calculate void fraction for parallel flows in vertical tube banks (or rod bundles). 
Two salient correlations are given as follows: Ozaki correlation (2013) and Lellouche-
Zolotar correlation (1982). 
 







    (2.42) 
 
where the drift velocity is the same as that of Eq. (26). Ozaki et al. (2013) and Ozaki and 







(NUPEC) 8×8 BWR vertical rod bundle data. This correlation agrees with very well with 
other existing databases obtained from various two-phase flow test facilities.  
 
Lellouche-Zolotar correlation (1982)  
Lellouche and Zolotar (1982) developed the semi-empirical drift-flux correlation based on 
their single experimental database including geometries of tube, channel and rod bundles. 
This correlation has been adopted by the EPRI’s ATHOS code (THD-AESJ, 1995; Singhal 




























































































                                      
min 0.80 ,       for circular tube or rod bundle


























  (2.46) 
 





















  (2.47) 
 
where ReN , p  and critp  represent the Reynolds number, pressure and critical pressure.  The 
void fraction measurement experiments were conducted under high flow conditions with 
average flow rate much larger than the typically around 100 kg/m2s steam generator 
working condition. Additionally, Lellouche-Zolotar correlation does not consider the 
follow patterns and is only validated against pressure higher than 1.38 MPa. 
 
2.2.3 Other Correlations 
Besides the correlations mentioned above, three influential void fraction-quality 
correlations such Armand-Massena correlation (Armand, 1959; Massena, 1960), Smith 
correlation (Smith, 1969) and Homogeneous equilibrium model (Whalley and Butterworth, 
1983; Leong and Cornwell, 1979) as given by Eqs. (2.48), (2.49) and (2.50), respectively, 
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where e  is the entrainment factor defined as the mass fraction of liquid droplets entrained 
in the gas phase. 0.4e   has been recommended for the best fit of the test data. 
 















  (2.50) 
 
The homogeneous equilibrium model (HEM) is one of the simplest two-phase models. Gas 
velocity is equivalent to liquid velocity leading to the slip ratio to be unity. This model is 
very useful because it establishes an upper boundary when predicting the void fraction 
versus given quality. 
 
2.3 Existing Databases 
This chapter discusses about all the accessible existing databases which measure the void 
fraction versus quality for various working fluids such as trichlorofluoromethane 
(refrigerant 11, Freon 11 or R-11), air-water mixture and refrigerant 113 (Freon 113 or R-
113) performed within different temperature regions near atmospheric conditions. The 







parallel triangular array, normal square array and normal triangular array, which have been 




Figure 2.1 Schematic Diagram of Configurations of, Parallel Triangular, Normal Square 
and Normal Triangular Pitch Arrays for Upward Cross-Flow in Horizontal Tube Bundles. 
 
 
2.3.1 Parallel Triangular Array 
Feenstra et al. (1995) performed the experiment in flow-induce vibration in heat exchanger 
tube bundles using the McMaster University’s two-phase flow loop facility. The cross 







mm (12 in   1.25 in.) which is designed appropriately scalable for CANDU (Canadian 
Deuterium Uranium) steam generator tubes.  
 
Table 2.1 shows the obtained Feenstra et al. (1995) database which is utilized in this 
research. The experimental apparatus consists of 10 cantilevered tubes made of yellow 
brass arranged in parallel triangular arrays with R-11 as working fluid running at 40 °C. 
The configuration of the parallel triangular array is depicted on the left side of Fig. 2.1. 
Half tubes are inserted into the channel wall to diminish the wall effects and bypass leakage 
to the smallest possible degree. The columns of the tube arrays are placed parallel to each 
other and the rows are staggered. In the flow direction, this geometric type of array is 
similar to the normal square array which will be referred in section 2.3.2 due to the absence 
of the tubes between two adjacent columns. Fluids travelling as upward cross-flow in the 
horizontal tube bundles can pass through the parallel triangular array of tubes rather slickly 
than that of the normal triangular array which will be stated in section 2.3.3. The diameter 
of a tube is 0.00635 m. The pitch per rod diameter ratio is 1.44. The density ratios of each 
phase of the fluid R-11 corresponding to the gas and liquid state are 9.65 kg/m3 and 1440 
kg/m3. The flow mass velocity circulated by the gear pump ranges from 150 to 475 kg/m2s. 
The ranges of the void fraction and quality are 0.0373 to 0.698 and 0.000511 to 0.102 
respectively.  
 
Currently, Feenstra’s data is the only available void fraction measurement data source of 
horizontal cross-flow for the parallel triangular array tube bundles. More detailed 







2.3.2 Normal Square Array 
As is mentioned in section 2.3.1, normal square array and parallel triangular array are 
analogous in spatial attributes of tube arrays in the fluid flow direction. In the middle of 
Fig. 2.1, the contour of the normal square array has been sketched. All the tubes in the 
channel are arranged in line for both the rows and columns and the perpendicular distance 
between any two neighboring tubes in either row or column. A normal square array 
resembles the parallel triangular array which allows fluid to flow through the tube bundles 
more smoothly compared to the normal triangular array which has obstacles in the flow 
direction. For the experiment on normal square array tube bundles, several studies have 
been summarized in Table 2.1.  
 
Dowlati et al. (1992 and 1996) performed experiments on adiabatic air-water and diabatic 
R-113 cross-flow systems. They used the same facility with 100 copper tubes which 
consists of 20 rows of five rods. For the air-water mixture experiment, the operational 
temperature is about 25 °C. The density ratios of the two phases are 1.4 kg/m3 for air and 
997 kg/m3 for water. They ran the test on two types of pitch/tube diameter ratios. One pitch 
over tube diameter ratio is at 1.3 with the tube diameter 0.0191m. The gap mass velocity, 
void fraction and quality are obtained within the scope of 100 to 700 kg/m2s, 0.0303 to 
0.879 and 0.000195 to 0.130, respectively for the normal square array setup. The other 
pitch versus tube diameter ratio is 1.75 with a tube diameter of 0.0127 m. The gap mass 
velocity, void fraction and quality are obtained within the scope of 100 to 525 kg/m2s, 
0.0154 to 0.858 and 0.000225 to 0.0751, respectively for the normal square array setup. 







temperature of 55°C. The pitch/tube diameter ratio of the tube arrays is 1.3. The diameter 
of the tube is 0.0127 m. The density ratios for gas phase and liquid phase are 9.36 kg/m3 
and 1489 kg/m3. The gap mass velocity, void fraction and quality range from 90 to 910 
kg/m2s, 0.148 to 0.754 and 0.00154 to 0.270, respectively.  
 
Noghrehkar et al. (1996) investigated two-phase cross-flow induced vibrations and flow 
regime maps in tube bundles. The investigation was done in an air-water two-phase flow 
loop using 24 rows of five rods with a diameter of 0.0127 m made of transparent acrylic 
for observation. The pitch/tube diameter ratio of the array is 1.47. The density ratios of the 
both gas and liquid phases are 1.5 kg/m3 for air and 998 kg/m3 for water. Flow rate varies 
between 250 and 1000 kg/m2s. Void fraction bounds between 0.0321 and 0.640. Quality is 
limited to a range of 0.000153 to 0.0125. 
 
The asterisk in Table 2.1 denotes the Schrage et al. (1988) data. Schrage’s data is listed in 
the Appendix owing to the unacceptable underestimation of void fraction measurements in 
contrast with other researchers’ air-water mixture system data.  
 
2.3.3 Normal Triangular Array 
Unlike parallel triangular and normal square array, normal triangular array has a staggered 
column arrangement. The right side of Fig. 2.1 illustrates the configuration of the normal 








Dowlati et al. (1992 and 1996) and Noghrehkar et al. (1996) also tested the same loop 
mentioned in section 2.3.2 to measure the void fraction and quality in the normal triangular 
array bundles. The experimental setups for two different geometries are completely 
identical. For Dowlati et al. (1992) data, void fraction and quality range from 0.0608 to 
0.902 and 0.000238 to 0.120 for a pitch ratio of 1.3 and from 0.0462 to 0.896 and from 
0.000129 to 0.0736 for a pitch ratio of 1.75, respectively. It should be noted that Dowlati’s 
data indicates the higher void fraction of the normal triangular pitch than the normal square 
pitch is due to the previously discussed spatial attributes of the normal triangular array. The 
staggered configuration in columns leads to more arduous lanes for the cross-flow than that 
of the in-line normal square array which has more straight flow paths. In the end, the higher 
flow resistance in the normal triangular array contributing to larger pressure drop between 
tubes which may result in the lower slip ratio and higher void fraction than normal square 
array (Dowlati et al., 1992).  
 
Noghrehkar et al. (1996) measured the void fraction and quality in the normal triangular 
array besides the normal square array. The experiment followed the same procedure. The 
quality is obtained between 0.000920 and 0.0125. The void fraction measured range is from 
0.21071 to 0.621 which is slightly larger than that of the normal square array data. This 
result also reveals that the configuration difference between the normal square and normal 








Table 2.1 Collected Database used in the Thesis for Cross-Flow in Horizontal Tube Bundles. 
Data Source  
Array 
Type 



















Feenstra et al. 
(1995) 





Dowlati et al. 
(1992) 
NS, NT 1.3 0.0191 5×20 
Air-water at 
25℃ 





Dowlati et al. 
(1992) 
NS, NT 1.75 0.0127 5×20 
Air-water at 
25℃ 





Noghrehkar et al. 
(1996) 










Dowlati et al. 
(1996) 
NS 1.3 0.0127 5×20 
R-113 at 
55℃ 





* --------------- --------- ------ ----------- ------- ---------------- ------- --------- ----------- -------- -------------- 
 
PT=Parallel triangular, NS= Normal square (in-line), NT=Normal triangular (staggered). 
All the experiments are conducted around atmospheric conditions. Fluid temperatures are used for the air-water and air-fluoride 
fluids studies. 







CHAPTER 3. DRIFT-FLUX CORRELATION DEVELOPMENT AND VALIDATION 
3.1 Drift-Flux Correlation Development Methodology 
In chapter 2, the one dimensional drift-flux model formulation is written as Eq. (2.1). From 
this Equation, it is easy to see that the relationship between the gas velocity 
gv  and 
mixture volumetric flux j  can be plotted as a line (namely drift-flux plot) because these 
two parameters can be measured from experiments. Using this method, the distribution 
parameter 0C  and void fraction weighted area-average drift velocity gjv  can be taken 
as the slope and intercept of the line. However, in a large diameter pipe or pool system, 
due to the formation of cap or slug bubbles at low flow rate may conceal the true flow 
characteristics (Hibiki and Ishii, 2003b). In order to obtain more precise value of the two 
important parameters 0C  and gjv  mentioned above, their definition Eqs. (2.5) and (2.7) 
should be utilized based on experimental data of local parameters. Such a sophisticated 
drift-model cannot be developed due to insufficient experimental database of local flow 
parameters for cross-flow in horizontal tube bundles, although proven sensor probe 
techniques (Hibiki et al., 1998; Ishii and Kim, 2001) can be used to measure local flow 
parameters such as void fraction and velocities of each phase. Thus, an alternative approach 








Firstly, the distribution parameter should be determined. Eqs. (2.10) and (2.11) give the 
distribution parameter function for round tube and rectangular channel in a force 
convection system. Ozaki et al. (2013) developed a simple distribution parameter 
correlation for rod bundle setting: 1.1C  . Eq. (2.42) indicates the relationship between 
distribution parameter and density ratio and 0 1C   when 1g f   . Unlike vertical rod 
bundle system, the flow in the horizontal tube bundles encounters obstacles in the flow 
direction as is shown in Fig. 2.1. The three types of configuration should have three 
correlations of 0C , but the normal square and parallel triangular  arrays both have rather 
smooth path for the fluids than that of the normal triangular arrays. Then the distribution 
parameter can be written in the following Eq. (3.1).  
0
1.2 0.2  ,      Normal Square or Parallel Triangular Array;



















This correlation reflects the geometry as well as the density ratio effect on the distribution 
parameter resulting in slightly different values. Because of the unobstructed flow lane in 
the center of the sub-channel in the normal square and parallel triangular array, the radial 
void fraction distribution is similar to that in a round tube resulting in the same expression 
for these geometries. Nevertheless, the normal triangular array has more obstacles in the 
central sub-channel flow lane contributing to a rather flat profile of the transverse void 







configurations. To sum up, the asymptotic distribution parameter values are 1.2 for normal 
square and parallel triangular array and 1.1 for normal triangular array.  
 
After determining the distribution parameter, the next step is to find the value of the drift 
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  (3.4) 
 
Then, use the drift-flux plot by using distribution parameter value computed by Eq. (3.2) 
as the slope so that the drift velocity can be determined as the intercept by linear fitting the 
data. Figures 3.1 and 3.2 show the results of 0C  and gjV
  by the least-square method 



























Figure 3.1 Drift-Flux Model Linear Fitting for Data of Parallel Triangular Array (a) and 















Figure 3.2 Drift-Flux Model Linear Fitting for Data of Normal Triangular Array (a)-(c). 
 
 
As discussed earlier, Kataoka-Ishii Correlation (1989) suggests that the drift velocity is a 
function of the density ratio and viscosity number for both high and lower viscous cases if 
the hydraulic diameter is larger than 30. Since the channel box width has been confirmed 
as the hydraulic diameter of the horizontal-tube bundles system in chapter 2, the critical 
hydraulic diameter here can be set as 30, mimicking the Kataoka-Ishii Correlation (1989). 
Thus, the characteristic length for the tube bundles exceeds the critical hydraulic diameter. 



























Figure 3.3 Dependence of Dimensionless Drift Velocity on Viscosity Number for Cross-
Flow in Horizontal Tube Bundles. 
 
 
This dimensionless drift velocity depends purely on the viscosity number. Eq. (3.5) can 
convert all the fitting 
gjV
  from Figs. 3.1 and 3.2 to gjV
 . The dimensionless drift 
velocity for cross gas-liquid flows can then be determined by the least-square method 
following Kataoka-Ishii Correlation’s categorization of the flow dependence on the 
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Up to now, the two important parameters in the drift-flux model distribution parameter and 
drift velocity have been determined. The area-average void fraction can be predicted by 
substituting these two parameters into Eq. (3.2).  
 
Another important thing should be noted when using this drift-flux correlation, is the 
definition of the mass velocity. There are two types of mass velocities in the tube bundles 
- total mass velocity TG  and gap mass velocity GG . For a sub-channel, the first mass flux 
is defined as the total mass flow rate in the whole sub-channel area of the tube bundle while 
the second is defined as mass flow rate at the gap or through the minimum area in the tube 
array. The conversion between these two mass velocities is written as  
 T H GG D G P D    (3.7) 
 
In the drift-flux model, the total mass velocity should be utilized as it reflects the flow 
behavior in the entire sub-channel. The total flux can be calculated by Eq. (2.4). Xu et al. 


















  (3.8) 
 
where WP  is the cross-section wetted perimeter. Nevertheless, this equation is inaccurate 
due to the unreasonable definition of the wetted perimeter of the sub-channel. Since the 
distance  P D  between two neighboring bundles is open to the flow representing free 







bundles. The correction for the sub-channel hydraulic diameter equation based on the 
































3.2 Extension of Newly Developed Drift-Flux Correlation to High Void Fraction 
Region 
The last section demonstrates the modelling of the distribution parameter and drift velocity. 
However, the work has not been done for considering the limitation: 1   when 1x  . 
Lellouche-Zolotar (1982) pointed out that the both of the distribution parameter and drift 
velocity depend on the void fraction as is shown in Eqs. (2.43) to (2.47).  
 
Because of the high void fraction region, saying that annular flow enables the lower core 
void fraction of the sub-channel in the horizontal tube bundles, the true value of 0C  should 
decrease indicating a flatter transverse void fraction profile. To obtain a more precise 
distribution parameter value, it is worthwhile to trace back to Eq. (2.19) which is the Ishii 
(1977) drift velocity equation of the annular flow regime. Combining this thesis’ adopted 
databases and usual liquid-gas flow conditions, the density ratio is generally much less than 





























So the apparent 0C  for annular flow which should be approximated to unity can be 
obtained as follows (Hibiki and Ishii, 2003c). 
 0
1















  (3.11) 
 
The asymptotic distribution parameter C  by substituting Eq. (3.11) into Eq. (2.9) is 
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  (3.12) 
 
Eq. (3.11) shows that the distribution parameter can be modified relying on the void 
fraction. Because the asymptotic distribution parameter values are set as constants from Eq. 
(3.1), the intersection point of the void fraction between Eq. (3.12) and the constant 
distribution parameter values can be set as the critical void fraction which is the transition 
boundary from low to high void fraction. Moreover, the transition region can be further 
specified by an interpolation strategy. The midpoint between the critical and unity void 







fraction sits at the center of that interval. The starting point of the transition region can be 
obtained by connecting a line through the above mentioned two points when it crosses at 
the constant C  line. This is in view of the fact that each existing data set may have a 
different distribution parameter expression. A sample calculation of the modified 
distribution parameter function is given in Fig. 3.4 (a). The exact distribution parameter 
correlation here for cross-flow in horizontal tube bundles with air-water system is 
partitioned into three groups as follows. 
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  (3.13) 
 




































,constC  is the constant ideal distribution parameter value given as 1.2 for normal square 







Figure 3.4 Sample Calculation of Modifications of Dependence of Distribution Parameter 
(a) and Drift Velocity (b) on Void Fraction for Cross-Flow in Horizontal Tube Bundles. 
 
 
Similarly, to extend the drift velocity correlation to high void fraction region, the intervals 
of the piecewise function in Eq. (3.13) for C  can be utilized to find a relationship between 
the drift velocity and void fraction for the given condition in Fig. 3.4. Modifications of the 
dependency of drift velocity on void fraction can be performed then. As void fraction 
approaches unity, the drift velocity should meet 0gjv  . Thus, Eq. (3.6) can be 







calculation of the modified drift velocity function dependent on the void fraction. The 
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  (3.15) 
 
where the critical void fraction value is the same as that of Eq. (3.13) given by Eq. (3.14) 
and gj
const
v  is a constant value for each specific cross-flow case of two-phase mixture 
obtained by combining Eqs. (2.22), (3.5) and (3.6). Finally, the new drift-flux  correlation 
can be satisfied over the full range of quality and void fraction by setting groupwise 
equations for 0C   and gjv .   
 
3.3 Validation of Developed Correlation and Comparison between New Model and 
Existing Correlations 
Figures 3.5 to 3.7 evaluate the performance of the newly developed drift-flux correlation 
with the data in Table 2.1 with respect to the configurations of the tube bundle including 
R-11 by Feenstra et al. (2000), R-113 by Dowlati et al. (1996), and air-water by Dowlati et 
al. (1992) and Noghrehkar et al. (1996). From these figures, the new drift-flux correlation 
agrees with the data under various mass velocities very well. Thus, this correlation is 










Figure 3.5 Comparison between Newly Developed Drift-Flux Correlation and Feenstra’s 
























Figure 3.6 Comparison between Newly Developed Drift-Flux Correlation and Normal 
Square Array’s Data of (a) Dowlati’s (1992) with P/D=1.3, (b) Dowlati’s (1992) with 

















Figure 3.7 Comparison between Newly Developed Drift-Flux Correlation and Normal 
Triangular Array’s Data of (a) Dowlati’s (1992) with P/D=1.3, (b) Dowlati’s (1992) with 







Figure 3.8  Calculated Error by Newly Developed Drift-Flux Correlation versus Gap 







This section also discusses further performance evaluation of the developed correlation by 
comparison with other existing correlations using databases in Table 2.1. In reference to 
the error analysis approach in statistics, some variables are required such as the mean 
absolute error (or bias) dm , mean relative deviation relm ,  mean absolute relative deviation 
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where N , .com , and .mea  are the sample number, computed void fraction and measured 
void fraction by experiment.  
 
The results of the performance evaluation of the newly developed drift-flux correlation 
compared with existing void fraction correlations for cross-flow data in horizontal tube 
arrays are tabulated in Table 3.1. The newly developed drift-flux correlation shows good 







the standard deviation 4.47% among all the correlations, which is conservative for the flow 
vibration analysis due to the void-fraction overestimation. The homogeneous equilibrium 
model overestimates the void fraction with mean absolute error of 21.9% and the standard 
deviation 11.4%, which sets an upper boundary for the void fraction versus quality. 
Dowlati correlation has an overpredicted mean absolute error and standard deviation of 
6.07% and 10.3%, respectively, and this is due to the authors’ own insufficient 
experimental data makes itself inferior to Feenstra correlation. Feenstra correlation predicts 
the void fraction with a bias of -1.93% and random error of 4.89%. The underestimation 
of the void fraction in a heat exchanger, complicated explicit function and negligence of 
the geometries of the bundle prevent Feenstra correlation an adequate correlation which 
can be implemented into a computer program for users’ convenience. Lellouche-Zolotar 
correlation tends to underpredict the void fraction by 22.1% with a standard deviation of 
6.60%. As is mentioned in chapter 2, Lollouche-Zolotar correlation is applied for vertical 
rod bundles and used by computer code, however, its restricted application range and 
relatively intricate semi-empirical form of correlation deteriorates its simulation 
capabilities for cross-flow. 
 
Figure 3.8 illustrates the dependency of prediction error of the newly developed drift-flux 
correlation on gap mass velocity such as the mean absolute error and standard deviation. It 
should be noted that both of these two statistical parameters have a tendency to stabilize 
with an increase in gap mass velocity. The mean absolute error approaches zero while 
standard deviation converges to about 2.00% when the gap mass velocity is higher than 







error, particularly for the low mass flux region, where a poor agreement between the new 
drift-flux correlation and data exists which can be seen from Figs. 3.5 to 3.7. Uncertainty 
of the measurement in such cases results in the weakness of the experimental data 
generating relatively larger error of the new model as compared to a high mass flux regime. 
 
 
Table 3.1 Performance Evaluation of Existing Void Fraction Correlations and Newly 
Developed Drift-Flux Correlation for Cross-Flow Data in Horizontal Tube Bundles. 









Newly Developed Drift-Flux  Correlation 1.06 3.62 12.5 4.47 
Homogeneous Equilibrium Model 21.9 67.7 67.9 11.4 
Dowlati Correlation 6.07 19.5 27.6 10.3 
Feenstra Correlation -1.93 -3.66 12.9 4.89 
Lellouche-Zolotar Correlation -22.1 -58.7 58.7 6.60 
Comparison of Correlations with Parallel 









Newly Developed Drift-Flux  Correlation 1.55 3.46 10.6 4.43 
Homogeneous Equilibrium Model 26.8 66.2 66.2 8.43 
Dowlati Correlation 16.8 50.0 51.1 7.03 
Feenstra Correlation 0.125 0.128 8.97 4.14 








Table 3.1 Continued. 










Newly Developed Drift-Flux  Correlation 0.362 2.72 15.5 4.46 
Homogeneous Equilibrium Model 21.6 81.5 82.1 12.8 
Dowlati Correlation 2.6 9.66 17.5 6.24 
Feenstra Correlation -1.13 -1.06 14.7 4.14 
Lellouche-Zolotar Correlation -20.6 -60.6 60.6 7.04 
Comparison of Correlations with Normal 









New Developed Drift-Flux  Correlation 1.47 5.12 10.4 4.47 
Homogeneous Equilibrium Model 16.3 49.6 49.6 9.53 
Dowlati Correlation -2.05 -3.59 13.4 7.01 
Feenstra Correlation -5.61 -12.1 15.0 4.76 
Lellouche-Zolotar Correlation -24.2 -60.3 60.3 7.33 
 
 
3.4 Sample Calculations of Newly Developed Drift-Flux Correlation  
Previous sections 3.3 validated the newly developed drift-flux correlation. Since the newly 
developed drift-flux correlation uses viscosity number as a scaling parameter for the drift 
velocity, the new model needs to be demonstrated for its scalability and extended to various 
two-phase engineering systems. Figure 3.9 is an example of void fraction predictions in 







under hypothetical high and low pressure conditions. Figures 3.9 (a) to (c) are the 
simulation results for prototypic steam generation conditions corresponding to cross-flow 
with  parallel triangular, normal square and normal triangular pitch. From these figures, it 
can be seen that the Ozaki correlation severely underestimates the void fraction as opposed 
to other correlations because of its application range. Ozaki and Hibiki (2015) pointed out 
that the Ozaki correlation developed with respect to rod bundle geometry is applicable to 
dispersed flow regime below the annular flow regime where the void fraction is less than 
0.8 and the interpolation scheme should be used to satisfy the unity value of the void 
fraction. In a steam generator, the void fraction limit for the flow which passes through the 
riser and into U-bend sections has been identified as 0.8. U-bend sections occupy strong 
cross flows such that the prediction accuracy of the Ozaki correlation is deteriorated. 
Lellouche-Zolotar correlation is applicable to all void range, however, the abrupt change 
of the void fraction as it reaches 0.9 is inferior to other correlations. As is discussed in 
section 2.2.2, the applicable mass velocity range of Lellouche-Zolotar correlation is much 
larger than the typical steam generator conditions. Meanwhile, the spline function of the 
drift velocity in Eq. (2.47) may also affect the transition of the void fraction. The Feenstra 
correlation predicts a relatively lower value of the void fraction than the new drift-flux 
correlation but higher than that of the Ozaki and Lellouche-Zolotar correlation which is 
applicable to steam-water conditions. The new drift-flux correlation is plausible and rather 
conservative but still lower than the HEM boundary value for the void fraction prediction 





























Figure 3.9 Sample Calculations using Newly Developed Drift-Flux Correlation by 
Comparison with Other Existing Correlations.   
 
 
For low pressure conditions such as adiabatic air-water heat exchanger system under 
atmospheric pressure, the simulation results of the newly developed drift-flux correlation 
in comparison with other void fraction correlations are presented in Figs. 3.9 (d) to (f). 
Ozaki correlation again poorly underestimates in all of the configurations. For the 
Lellouche-Zolotar correlation, although the trend is acceptable, the applicability of the 
correlation for lower atmospheric conditions below 1.38MPa casts doubt on its accuracy. 
The Feenstra correlation has already been validated for air-water two-phase horizontal tube 
bundle systems (Feenstra et al., 2000) and hence the expected trend can be obtained in Figs. 
3.9 (d) to (f). In the plots, the developed drift-flux correlation below the HEM curve is 
plausible here for atmospheric pressure conditions as demonstrated in Figs. 3.5 to 3.7. As 
a result, the newly developed drift-flux correlation can be employed to various two-phase 







3.5 Drift-Flux Model for Steam Generator 
This section provides a guide for predicting the void fraction over the entire steam 
generator using drift-flux model.  The finalized drift-flux model for the whole steam 
generator can be utilized to calculate the void fraction for both the parallel-flow through 
the vertical rod bundles and cross-flow through U-bend section. Transition from the 
parallel flow to cross flow encounters the U-bend section which leads to an inclined flow 
through the connection parts between the vertical and horizontal bundles.     
 
To analyze the inclined flow, a simple scheme is applied in Fig. 3.10 to decompose the 
incident flow velocity. The incoming flow has an incidence angle of  . The velocity for 
each phase k  can be represented as the following: 
sink horizontal kv v     (3.20) 
 
cosk parallel kv v     (3.21) 
 
Here, the inclined flow is separated into two directions corresponding to the cross-flow in 
horizontal tube bundles and parallel-flow through vertical rod bundles. For the cross-flow, 
the average void fraction
cross
 can be calculated using the developed drift-flux correlation, 
while for the parallel-flow case, the well-developed Ozaki correlation (Ozaki et al., 2013) 
can be utilized to obtain the average void fraction
parallel
 . Then, the overall average void 
fraction through the connection components can be obtained by the following: 
2 22
cos sing g g
parallel cross
j j j 
  
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Thus, a simplified approach based on drift-flux model is proposed for calculating the void 
fraction over the entire steam generator region. For the vertical rod bundle, Ozaki 
correlation (Ozaki et al., 2013) can be utilized to predict the void fraction up to 0.8; for the 
horizontal tube bundle, the newly developed drift-flux correlation can be implemented to 
simulate the void fraction of the cross-flow; for the connection parts, a decomposition 














CHAPTER 4. EXISTING FLOW REGIME TRANSITION CRITERIA AND FLOW 
REGIME MAPS 
4.1 Existing Flow Regime Transition Criteria 
 





Flow Regime Transition Criteria Formula 
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This section briefly reviews all the existing flow pattern transition criteria. In fact, the 
available flow regime transition criteria which have clear defined formula are very limited. 
In Table 4.1, the existing flow regime transition criteria equations for each flow pattern 
have been tabulated.  The criteria developed by Xu (1992) and Kanizawa and Ribatski 
(2016) are milestones in determining the flow pattern transition for the cross-flow in the 
horizontal tube bundles. They both use dimensionless groups to characterize the flow 
structure. For the work done by Xu (1992), they defined four flow regime transitions: 
transition to bubbly flow, transition to intermittent flow, transition to annular flow and 
transition to steady flow by their own experimental data. The bubbly flow transition is 
considering the turbulence effect in a horizontal tube bundle which intensifies the turbulent 
kinetic energy of the flow leading its magnification to overcome the buoyancy force (Taitel 
and Dukler, 1976). This transition mechanism is based on the Taitel number which is 























is the single phase liquid-only frictional pressure drop over one line of 



























fof C N   (4.3) 
 




















  (4.4) 
 












  (4.5) 
 
In addition, the surface tension effect also accounts for the bubble formation which is based 








   (4.6) 
 
The final form of the bubbly flow transition equation is included in Table 4.1 and the 
standard deviation of the regression fitting is 7.32%. The next transition criteria for the 
intermittent flow regime is developed purely on their own data sets since the essence of 
this flow regime transition mechanism had not been well understood at that time. The non-




















The standard deviation is 23.4% for this transition formula. The annular flow transition 
considers the inertial effects of the gas phase overcoming the gravitational effects by *gj  as 













  (4.8) 
 
The standard deviation for the annular flow transition equation for upward two-phase 
cross-flow listed in Table 4.1 is 5.54%. The remaining flow regime transition is the 
transition to steady flow. They develop the relationship between the non-dimensional 
superficial gas velocity and Lockhart-Martinelli parameter. The non-dimensional 














  (4.9) 
 
where H XuD   is defined earlier in chapter 3 as the hydraulic dimeter defined by Xu et al. 
(1998). This transition formula can be utilized as a criterion to identify the flow induced 
vibration of the shell side in a shell-tube type heat exchanger. 
 
The second flow pattern predictive approach is recently developed by Kanizawa and 
Ribatski (2016). This new methodology is established by analyzing the underlying physics 
of the cross-flow phenomena. They include the force balances between the phases using 
dimensionless groups. Meanwhile, the fluid types, flow conditions and geometry layout for 
the cross-flow have been accounted in their model. For all the flow regime transitions, they 







effects reflects on the transversal pitch upon diameter ratio (Kanizwa and Ribatski, 2016), 
which delays the flow transition occurrence as the increase in P D . For the transition to 
bubbly flow, a single relationship is developed written in Table 4.1. The Reynolds number 








   (4.10) 
 
For the transition to intermittent flow, the Froude number defined in chapter 2 is adopted 
to account for the gravitational effects on churn flow. The final formula of this transition 
is listed in Table 4.1, requiring a relatively low computational cost to iterate in order to 
obtain the transition line. The annular flow transition line is simply determined by 
Reynolds number and transversal pitch upon diameter ratio. 
 
4.2 Existing Flow Regime Maps 
Flow regime determines the internal two-phase flow structure such as the phase distribution 
in mixture and near-wall mass, momentum and energy transfer. In the field of nuclear 
engineering, the two-phase flow pattern is the key to analyze the various transient 
conditions and reactor safety. This helps prevents operators from potential accident events 
(Mao et al., 2015; Wang et al., 2015). In relation to flow pattern identification, the dominant 
parameters need to be determined to reveal the underlying physics of the flow regime 
transitions. The general approach to determine the flow pattern map is based on the 
relationship between superficial liquid and gas velocity (Ribatski and Thome, 2007). The 







subchannel in the tube bundle. Unlike flow patterns in a tube, the flow regime transition in 
a shell-tube heat exchanger has not been paid much attention to. However, according to 
Casciaro and Thome (2001), the local flow pattern in cross-flow has an impact on the heat 
transfer coefficient as well as the two-phase pressure drop.  In addition, flow patterns and 
void fraction also affect each other due to their interrelationship. As a result, a well-founded 
flow regime map is worth developing to tackle all these problems mentioned above. 
 
To completely understand the mechanisms behind the flow regime transitions, an intensive 
literature survey on previous work on the flow regime transitions is necessary. Currently, 
the flow regime transition research on cross-flow in horizontal tube bundle is a field where 
few efforts have been done. The recognizable flow regime maps are only the following 
five: Kanizawa and Ribatski (2016), Noghrehkar et al. (1999), Xu et al. (1998), Ulbrich 
and Mewes (1994) and Grant and Chisholm (1979). This section will fully discuss about 
the flow patterns addressed by these authors.  
 
Table 4.2 summarizes the previous work on flow patterns done by Kanizawa and Ribatski 
(2016), Noghrehkar et al. (1999), Xu et al. (1998), Ulbrich and Mewes (1994) and Grant 
and Chisholm (1979). Table 4.3 gives a brief introduction of the operating conditions and 
bundle characteristics by the five experiments. The suggested databases in this research are 
the results of adiabatic air-water systems. 
 
For the upward cross flows in a horizontal tube bundle system, several attempts have been 







existing flow pattern evaluation methods can be categorized into two types including the 
flow visualization and objective measurement. Noghrehkar et al. (1999) used probability 
density function (PDF) to identify the flow patterns and Kanizawa and Ribatski used both 
subjective and objective methods while the other three researches all used the objective 
flow visualization techniques. In general, bubbly, intermittent and annular flow exist, 
which are all included in these five maps. In addition, churn bubbly, large bubbles, 
intermittent dispersed and spray flow are considered as supplements for interim stages for 
the flow regime transition. The detailed explanations for these flow regime maps and the 







Table 4.2 Summary of Flow Patterns for Upward Two-Phase Cross-Flow in Horizontal Tube Bundles. 







0. 8 m/s 3.5 m/sgj   
0.01 m/s 0.8 m/sfj   
0.1 m/s 10 m/sgj 
0.01 m/s 1.8 m/sfj   
1.6 m/s 10 m/sgj   
0.01 m/s 1.8 m/sfj   
 
3.5 m/sgj   
0.01 m/s 0.045 m/sfj   
 
Noghrehkar 
et al. (1999) 
 
0.01 m/s 1.0 m/sgj 
0.05 m/s 1.0 m/sfj   
0.4 m/s 3.9 m/sgj   
0.05 m/s 1.0 m/sfj   
 
3.9 m/sgj   
0.05 m/s 0.5 m/sfj   
 
Xu et al. 
(1998) 
0.3 m/s 3.5 m/sgj   
0.01 m/s 0.16 m/sfj   
0.1 m/s 21 m/sgj   
0.2 m/s 0.5 m/sfj   
0.3 m/s 12.5 m/sgj 
0.01 m/s 0.2 m/sfj   
 
6.5 m/s 21 m/sgj   






0.01 m/s 0.4 m/sgj   
0.001 m/s 1 m/sfj   
and 
0.4 m/s 25 m/sgj   
0.5 m/s 1 m/sfj   
0.4 m/s 10 m/sgj   
0.001 m/s 0.4 m/sfj   
 
4 m/sgj   






3.5 m/s 30 m/sgj   
0.1 m/s 1 m/sfj   
3.5 m/s 20 m/sgj   
0.007 m/s 0.2 m/sfj   
  
3.6 m/s 20 m/sgj   








Table 4.3 Collected Database used in the Paper for Upward Cross-Flow in Horizontal Tube Bundles. 
Data Source  
Array 
Type 














Grant and Chisholm 
(1979) 
NT 1.25 0.019 4×10 Air-water at 20℃ 1.50 998 60-1120 
 Ulbrich and Mewes 
(1994) 
NS 1.5 0.020 5×10 Air-water at 25℃ 1.40 997 1.6-650 
Xu et al. (1998) NS 1.28 0.00979 3×20 Air-water at 25℃ 1.40 997 37-658 
Noghrehkar et al. (1999) NS, NT 1.47 0.0127 5×24 Air-water at 22℃ 1.50 998 250-1000 
Kanizawa and Ribatski 
(2016) 





















Figure 4.1 Sketch of the Two-Phase Flow Patterns by Visualization in the Vertical Cross-
Flow in a Horizontal Tube Bundle, (a) Bubbly Flow; (b) Slug Flow (c) Spray Flow 
(Grant and Chisholm, 1983). 
 
 
The most widely adopted flow regime is the Grant-Chisholm flow regime map (Grant and 
Chisholm, 1979; Cheng et al., 2008). Grant and Chisholm (1979) used segmentally baffled 
shell-tube type heat exchanger consisting of 39 tubes of 19mm outside diameter aligned in 
11 rows based on a normal triangular array with pitch over tube ratio 1.25. The mass 
velocity measured in this experiment varies between 60 and 1120 kg/m2s.  
 
Grant and Chisholm (1983) observed the flow patterns and classified them into three 







patterns. Their definitions of the flow patterns of the cross-flow in a horizontal tube bundles 
are summarized below.  
 
Bubbly flow: Discontinuous gas bubble distributes uniformly in the liquid phase. The mass 
quality under this flow regime is relatively low.  
Slug flow: Liquid flows through the channel as the gas starts to gather. After a certain 
amount of time, the liquid blocks the flow path and the intermittent flow regime emerges, 
namely slug flow in this case with liquid droplets entrained in gas being pushed upward as 
slug of liquids. 
Spray flow: When the majority of the liquids carries out the gas core, with only a small 
portion attached near the wall as a very thin liquid film. This is the region where spray flow 
appears usually carrying with high mass quality two-phase mixture. 
 
Grant and Chisholm (1979) utilized the two characteristic parameters  
1 2
g g fj    and 
 
1 3
f f fj     based on Baker’s (1954) coordinates. The flow pattern map can be 
obtained by plotting  
1 2
g g fj    versus  
1 3
f f fj    . Figure 4.2 is the flow regime 
map developed by Grant and Chisholm (1979) in terms of the relationship between 













Figure 4.2 Flow Regime Map for Vertical Cross-Flow in a Horizontal Tube Bundle 
(Grant and Chisholm, 1979). 
 
 
























Figure 4.3 Sketch of the Two-Phase Flow Patterns by Visualization in the Vertical Cross-
Flow in a Horizontal Tube Bundle, (a) B: Bubbly Flow, (b) I: Intermittent Flow, (c) ID: 








Ulbrich and Mewes (1994) performed a meaningfully fundamental research on the vertical 
adiabatic two-phase cross-flow in the shell side of a horizontal tube bundle under 
atmospheric pressure. The experimental facility was designed as 10 rows of in-line tubes 
with 20mm outside diameter. Each row has five tubes. The pitch over tube diameter ratio 
is 1.5. The mixture mass velocity through the tube bundle system changes from 1.6 to 650 
kg/m2s.  
 
They recorded the flow patterns using both still and video camera. By flow visualization, 
the flow patterns are divided into four parts. Figure 3 indicates all the four different flow 
regimes of the cross-flow across a tube bundle. The flow patterns defined by Ulbrich and 
Mewes (1994) are summarized as follows. 
 
Bubbly flow (B): Bubbly flow is defined as small near elliptical bubbles distributing 
discretely in the continuous liquid. The flow pattern diagram is shown in Fig 4.3. (a).  
Intermittent flow (I): If the velocities of the gas and liquid phase increase, the bubble will 
grow as it interacts with the wall leading to the change of its shape and becomes larger than 
the size of the tube gap. Then, the flow becomes unstable and chaotic, which enters the 
intermittent flow regime. The motion of the two-phase mixture changes drastically in the 
flow direction as well as bubble shape. Besides the smaller spherical, elliptical and 
amorphous bubble, large shaped cap or slug bubbles span over the bundle which have the 
tube larger gap width than the tube diameter. The intermittent flow pattern is sketched in 







Dispersed flow (D): The remaining patterns are the intermittent dispersed (ID) and annular 
dispersed flow (AD) which have been depicted in Figs. 4.3 (c) and (d). Both of these two 
patterns belong to the dispersed flow regime which has entrained liquid droplets within the 
gas phase. The major difference between the last two regimes is the film thickness of the 
liquid. Intermittent dispersed flow occupies random movement of the flow while the latter 
has a wavy-surface thin liquid film near the tube wall.  
 
Figure 4.4 is the flow regime map proposed by Ulbrich and Mewes (1994) using their own 
data which is separated into three regions as bubbly, intermittent and dispersed flow. Their 
validation of the map against previous databases has an accuracy of 85%. They also 
compared their developed flow regime map with Grant and Murray (1972, 1974), Grant 
and Chisholm (1979), Kondo and Nakajima (1980), Taitel et al. (1980), Mishima and Ishii 











Figure 4.4 Flow Pattern Map of Vertical Upward Cross Flows across Horizontal Tube 
Bundles Developed by Ulbrich and Mewes et al. (1994). 
 
 
















Figure 4.5 Sketch of the Two-Phase Flow Patterns by Visualization in the Vertical Cross-
Flow in a Horizontal Tube Bundle (a) Churn Flow, (b) Intermittent Flow, (c) Annular 
Flow and (d) Bubbly Flow (Xu et al., 1998). 
 
 
Xu et al. (1998) conducted the cross-flow visualization experiment for both up-flow and 
down-flow in a horizontal tube bundle. Their apparatus is composed of 20 rows tubes with 
three at each row. The outside diameter of the tube is 9.79mm arranged in a normal square 
array. The pitch to diameter ratio is 1.28. The experiment was performed around 
atmospheric conditions. The mass velocity during the experiment varies from 37 to 658 
kg/m2s. 
 
It is fairly interesting to note that the definitions of flow patterns based on their observations 
are unconventional opposed to other investigators’ work before them. Figure 4.5 depicts 
the two-phase cross-flow patterns for the upward flow in a horizontal tube bundle. The four 







Churn flow: Churn flow in Fig. 4.5 (a) is the irregular moving mixture driven by 
gravitational force. The liquid and gas phases are separated into two directions as the water 
tends to fall down to the lower section of the tube bundle and the air bubble rises into the 
upper part of the system.  
Intermittent flow: Intermittent flow in Fig. 4.5 (b) indicates the rather unpredictable two-
phase region similar to other researchers’ definitions. This flow pattern generates a 
discontinuous liquid phase interfered by gas bubbles usually accompanying with liquid 
droplet entrainment.  
Annular flow: Figure 4.5 (c) demonstrates the next important flow pattern, namely the 
annular flow. The annular flow is governed by the high air velocity and the formation of 
the liquid film along the tube wall as well as the baffle wall.  
Bubbly flow: The last flow pattern is the bubble flow shown in Fig. 4.5 (d). The definition 
of this flow regime is similar to other authors’ which is a uniform distribution of 
individually separate bubble in a continuous liquid phase.  
 
The flow regime map proposed by Xu et al. (1998) is also unique because of their distinct 
definition of the flow patterns. Figure 4.6 shows the flow pattern map of vertical upward 
cross flows in a horizontal tube bundle based on the superficial liquid and gas velocity 
developed by them. They concluded that the flow regime maps for two-phase upward 











Figure 4.6 Flow Pattern Map of Vertical Upward Cross Flows across Tube Bundles 
Developed by Xu et al. (1998). 
 
 














Figure 4.7 Probability Density Functions of Void Fluctuations for (a) Bubbly Flow, (b) 
Slug Flow and (c) Annular Flow in a Vertical Tube (Noghrehkar et al., 1999). 
 
 
The work done by Noghrehkar et al. (1999) to investigate the flow regimes of two-phase 
cross-flow in a horizontal tube bundle using PDF by a resistivity void probe is objective 
other than subjective observation methods. Their test section consists of both normal square 
array and normal triangular array with 24 and 26 rows for each configuration, respectively. 
Each row has five tubes with 12.7 mm outside diameter. The pitch/diameter ratio is 1.47. 
The experiment was conducted under atmospheric pressure with mixture mass velocity 
varying between 250 to 1000 kg/m2s. 
 
Jones and Zuber (1975) developed the void fraction fluctuation criteria for two-phase flow 
patterns and their method were adopted by the authors to obtain various statistical results 
of PDFs for different flow patterns. Figure 4.7 shows the example of the interrelation 







peak of the void fraction occurs at lower local void fraction, which is depicted in Fig. 4.7. 
(a). Figure 4.7 (b) shows the slug flow (or churn turbulent flow) which occupies two peaks 
in the PDF corresponding to the lower and higher local void fraction region. The only 
highest value in a high local void fraction is obtained for annular flow (or annular mist 
flow) exhibited in Fig. 4.7 (c). 
 
Using the PDF identification techniques, the flow regime maps were developed by 
Noghrehkar et al. (1999). Figure 4.8 shows both the flow regime maps for normal square 
and triangular array. From the figure, the transition from bubbly to intermittent flow in a 
normal triangular array requires a larger gas velocity than that in a normal square array. 
Noghrehkar et al. (1999) pointed out this discrepancy is caused by the geometry effects of 
these two configurations. The normal triangular array has a greater capability to 
disintegrate larger gas bubbles into smaller ones due to a more compact arrangement and 
a more arduous flow path resulting in the postponement of intermittent flow transition. 
They also suggested a future research direction on flow pattern identification based on the 
objective approach because of the actual flow regime variations between the inner section 














Figure 4.8 Flow Regime Map for Upward Cross-Flow in a Tube Bundle for (a) Normal 

























Figure 4.9 Sketch of the Two-Phase Flow Patterns by Visualization in the Vertical Cross-
Flow in a Horizontal Tube Bundle (a) Bubbles, (b) Large Bubbles, (c) Dispersed 
Bubbles, (d) Churn, (e) Intermittent and (f) Annular (Kanizawa and Ribatski, 2016). 
 
 
Recently, Kanizawa and Ribatski (2016) identified the flow regimes of two-phase cross-
flow in a horizontal tube bundle by both flow visualization and objective method. They 
proposed the flow regime maps based on the pressure drop signal and an improved k-means 
clustering method. Besides, they proposed the first predictive flow pattern transition 
criteria based on their objective identification method. Their test section consists of both 
normal triangular array with 20 rows. Each row has four tubes with 19 mm outside diameter. 
The pitch/diameter ratio is 1.26. They used capacitive sensors to measure the capacitance 
of the two-phase mixture in the central region of the bundle. The experiment was conducted 








It should be noted that the definitions of flow patterns are based on their observations. 
Figure 4.9 depicts the two-phase cross-flow patterns for the upward flow in a horizontal 
tube bundle. The six flow patterns proposed by Kanizawa and Ribatski (2016) are defined 
as the following.  
 
Bubbles: bubbly flow in Fig. 4.9 (a) has the small bubbles less than the gap between tubes 
with a continuous liquid phase. The superficial gas velocity is relatively low and superficial 
liquid velocity is in the entire range.  
Large bubbles: Large bubbles in Fig. 4.9 (b) indicate the distorted bubbles with larger size 
than the gap between tubes because of the coalescence of small bubbles. This flow pattern 
requires reduced and intermediate superficial liquid velocity and intermediate superficial 
gas velocity.  
Dispersed bubbles: Dispersed bubbles in Fig. 4.9 (c) are observed only under high 
superficial liquid velocity and intermediate superficial gas velocity. Turbulence energy 
prevents the smaller bubbles merging into larger bubbles. The dispersed bubbles are fairly 
smaller than the bubbles flow regime. 
Churn: Churn flow in Fig. 4.9 (d) has similar definition to that of Xu et al. (1998). This 
flow pattern has increased bubble size but does not contain sufficient energy to keep 
upward movement until being pushed again by the following upward mixture. The 
movement of the churn is chaotic and driven by gravity with intermediate superficial gas 
velocity and decreased and intermediated superficial liquid velocity. 
Intermittent flow: Figure 4.9 (e) demonstrates the next important flow pattern, namely the 







propulsion by the gas flow with dispersed liquid droplets or liquid film along the walls of 
the shell and tubes due to the large portion of the liquid phase. The superficial gas velocity 
is relatively high and the superficial liquid velocity is in the entire range.  
Annular flow: The last flow pattern is the annular flow shown in Fig. 4.9 (f). The definition 
of this flow regime is similar to other authors’ which refers to liquid film along tube and 
shell walls containing a high speed gas core in the tube bundle with droplet entrainment in 
the meantime. This flow pattern requires decreased superficial liquid velocity and high 
superficial gas velocity.  
 
The flow regime maps proposed by Kanizawa and Ribatski (2016) have two types: k-means 
method based on fuzzy logic and predictive approach based on their predictive flow regime 
transition criteria. Figure 4.10 shows the flow pattern map of vertical upward cross flows 
in a horizontal tube bundle based on the superficial liquid and gas velocity developed by 
them. They concluded that their flow regime maps agrees very well with the existing flow 











Figure 4.10 Flow Regime Map for Upward Cross-Flow in a Horizontal Tube Bundle for 











CHAPTER 5. DEVELOPMENT OF FLOW REGIME TRANSTION CRITERIA AND 
VALIDATION 
5.1 Development Methodology of Flow Regime Transition Criteria 
This section will discuss about the development of the new flow regime transition criteria. 
Before introducing the detailed derivations of the flow regime transition equations, an 
overview of the flow regime transition identification method is necessary. One very 
important factor about the flow regime transition is the flow regime development in a 




Figure 5.1 Local Flow Pattern in an Annulus Channel (Julia et al., 2011). 
 
 
Based on the previous flow regime maps, it is necessary to have a unified flow regime map 
including all the flow structures and characteristics during the flow transition. By flow 







global flow regime in a channel. In reality, Noghrehkar et al. (1999) pointed out the 
variation of the local flow regime occurrence between the tube wall and the core of the 
subchannel in a shell-tube heat exchanger by using the PDF identification technique. 
However, even though their objective approach might work for the central part, the global 
flow regime of the tube bundle system needs an average of the summation of all the local 
flow regimes. This is especially important when it accounts for the weighting of each local 
flow regime as the predominance of the flow regimes locally over the other flow regimes 
at the same flow conditions. 
 
Julia et al. (2011) investigated the differences of the local flow regimes in an annulus 
channel. Figure 5.1 shows the local flow pattern in their experiment with same superficial 
liquid velocity but under various superficial gas velocities. Four flow regimes are observed 
as bubbly flow (B), cap-slug flow (CS), churn turbulent flow (CT) and annular flow (A). 
As is can be seen in this graph, the radial flow regime develops along with the increase of 
the superficial gas velocity. The first bubbly flow pattern initiates at very low superficial 
gas velocity as a complete bubbly flow full over the annulus in B1. Then, the increase gas 
velocity leads to the formation of the dominant cap-slug flow while bubbly flow does not 
vanish until the forward increase of the superficial gas velocity presented in CS3. If the 
superficial velocity of flow keeps increasing, the churn turbulent flow occurs as an annulus 
around the inner near wall which is shown in C1, a local flow regime combination of churn 
turbulent flow and cap-slug flow. The complete churn flow pattern emerges in C3 as the 
superficial gas velocity is more than three times larger than that in C1. The entire annulus 







superficial velocity of two-phase mixture contributes to the development of the annular 
flow. The entire flow channel comprises of both annular and churn turbulent flows.  
 
As is mentioned above, all the flow visualization methods performed by previous 
researchers are merely based on subjective observation on the local flow regime in the shell 
side of the heat or local PDFs. It should be notified that the weakness of the flow 
observation approach criticized by Noghrehkar et al. (1999) reflects inaccuracy of their 
own flow pattern measurement. Instead of the void fraction fluctuations at certain point in 
a tube bundle, information of more locations in a subchannel should be collected since the 
global flow regime map depends on the combination of all local flow regimes and the 
dominance of one certain flow pattern over the others. Recently, Kanizawa and Ribatski 
(2016) utilized a more objective approach to predict flow patterns integrating the pressure 
and capacitive sensor signals. However, the issue is still associated with the distinguishing 
between the local and global flow regime map. To sum up, the flow regime development 
for the two-phase cross-flow in a horizontal tube bundle should be determined by 
identifying the local flow regimes to obtain an area average or volumetric average global 
flow regime map. 
 
After figuring out the importance of the local and global flow pattern concepts, next very 
important thing is to have an appropriate approach to obtain the flow regime transition 
criteria. Figure 5.2 shows the full process of developing the flow regime transition criteria. 
From this figure, the normal approach to obtain the full flow regime transition criteria is 







regime definitions have been made by multiple authors. This adds difficulty to reach a 
consensus of a unified flow pattern map based on same or similar flow pattern definitions. 
Thus, numbers of transition lines for flow patterns are different, let alone more detailed 
flow pattern transition equations for each flow pattern defined by each author. Therefore, 
our first goal is to have conclusive flow regime definitions for cross-flow in a horizontal 
tube bundle system. The second step is to obtain as much experimental data as possible to 
establish a sufficient database for the flow regime map. In general, subjective method and 
objective method are applied for experimentally determining the flow regime transition. 
For example, in cross-flow of horizontal tube bundles, the subjective method can be 
observations through flow visualization by high speed camera recording the local flow 
structure (Ulbrich and Mewes, 1994; Xu et al., 1998; Kanizawa and Ribatski, 2016); the 
objective method is measuring the void fraction and pressure drop signals combined with 
a neural networks processing toolbox (Noghrehkar et al., 1999; Mi et al., 2001; Kanizawa 
and Ribatski, 2016). However, again the flow regime map data for the cross-flow is very 
limited compared with in-pipe flow. In addition, the data of the flow regime data is not 
available through the wide application range for practical purposes and the local and global 
flow regime mentioned before have not yet been justified by experiment. The third step for 
the normal approach is to obtain an empirical flow regime map by sufficient flow regime 
data. For the cross-flow case, only Xu (1992) and Kanizawa and Ribatski (2016) mentioned 
earlier in chapter 4 have developed the flow regime transition empirical equations on their 
own experimental database. Thus, the scalabilities of their flow regime transition criteria 
are not well validated even though they compared their flow regime maps with other 







well-established flow regime transition criteria using normal approach is impossible. From 
this point of perspective, a theoretical modelling method based on classical flow regime 
criteria will be introduced in the remaining of this chapter.  
 
One of the well-renowned flow pattern map for vertical pipe flow is the flow regime map 
developed by Mishima and Ishii (1984). The flow regime transition criteria based on their 
flow pattern map are considered in this research to investigate the underlying physics of 
the cross-flow in a horizontal tube bundle. The flow regimes proposed include bubbly flow, 























Figure 5.3 Schematic Diagram for Bubble Packing and Coalescence of Bubbly Flow. 
 
 
Mishima and Ishii (1984) used the following Fig. 5.3 to describe the bubble coalescence 
mechanism. As can be shown in Fig. 5.3, the bubbles are casted in a 2D plane when they 
are arranged as tetrahedral in three dimensional space. The limit condition for two bubble 
colliding and merging into one bubble is depicted in Fig. 5.3. No matter how fluctuated the 
bubble interactions can be, the distance between two bubbles less than the diameter 2rb of 
one bubble determines the formation of one larger bubble. The radius of the spherical 
influence around a bubble is 1.5rb. The void fraction in this case can be calculated by the 
















Now, the void fraction for the bubbly to cap bubbly flow transition is obtained as 0.3. The 
remaining thing is to find the relationship between the superficial gas velocity jg and 
superficial liquid velocity jf. Since the drift-flux correlation for the horizontal tube bundle 
geometry has already been developed in the previous chapters, the relationship can be 





C j j v

     (5.2) 
 
The distribution parameter varies from different geometries and the drift velocity is based 
on the viscosity number. Equation (5.2) can be reformed as follows which is the transition 
criterion for the bubbly to cap bubbly flow, where jg and jf here correspond to the average 











   
 
  (5.3) 
 
5.1.2 Cap Bubbly to Churn Flow Transition 
In a large diameter pipe, the elongated Taylor bubble cannot form because of the instable 
upper surface of the large size bubble, the larger bubble disintegrates into smaller cap 
bubbles. The critical size for such bubble is defined by the following Eq. (5.4) (Kataoka 
and Ishii, 1987). 





















For the upward cross flows across horizontal tube bundles in a shell-tube type heat 
exchanger, the length of the tube is much larger than the dimeter of the pipe. Similarly, the 
slug flow cannot exist in cross-flow of a horizontal tube bundle. Thus, the second flow 
pattern for cross-flow in horizontal tube bundles is cap bubbly flow instead of slug flow. 
The flow regime transition criterion from cap/slug flow to churn flow proposed by Schlegel 
et al. (2009) is referenced in this paper. The similar maximum packing scheme is utilized 
as the criterion for cap and distorted bubbles. The cap bubble maximum packing for cross-
flow in a tube bundle is given as the void fraction 0.30 due to the effective bubble break 
up caused by the bundles. The diagram of this transition is demonstrated in Fig. 5.4. The 
critical void fraction is 0.3 for the cap bubble in the whole tetrahedral structure. The small 
distorted bubbles occupy 0.3 for the remaining area. Thus, the final result of the cap-bubbly 







 1 0.51CT b b b         (5.5) 
 
Based on the void fraction criterion calculated above, Eq. (5.2) can be transformed into the 
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  (5.6) 
 
5.1.3 Churn to Annular Flow Transition 
Two criteria for the churn to annular flow transition will be discussed here.  
(1) Flow reversal 
The first criterion indicates the flow reversal of the liquid film occurring along large 
bubbles (Mishima and Ishii, 1984). The classical theory of this mechanism for the in-pipe 
flow was developed by Mishima and Ishii (1984), however, cannot be applied to the cross-
flow in a horizontal tube bundle system. In order to model the liquid film flow reversal in 
a subchannel of a horizontal tube bundle system, the onset of the flow reversal in the 
channel should be chosen appropriately. Hibiki and Mishima (2001) developed the churn 
flow to annular flow transition criteria for upward two-phase flow in a vertical narrow 
rectangular channels. Since the length of the tube in a horizontal tube bundle system is 
relatively larger than the gap a between tubes, the liquid film mainly forms along the tube 
side as is depicted on the left side of Fig. 5.5. Therefore, the liquid film along the tube 
becomes the major factor to initiate the churn to annular flow transition. The simplified 
model to derive the annular flow model under this condition is drawn on the right side of 







a thickness    and the length of the tube is w. Then, the annular flow model control volume 




Figure 5.5 Liquid Film Model in a Subchannel of the Horizontal Tube Bundles. 
 
 
Figure 5.6 shows the control volume analysis for the annular flow model at the gap of a 
subchannel in a horizontal tube bundle system for both the liquid film along the tube side 
as well as the gas core. The relationships among the pressure drop, shear stresses and 
gravitational force for each phase have been expressed as the following Eqs. (5.7) to (5.8). 
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where the Greek symbols i  and w  denote the interfacial shear stress between the liquid 
film and gas core and the wall shear stress of the liquid film, respectively. 
 
Void fraction   is the local value at the gap. The void fraction equals  2s s . By 
subtracting Eq. (5.7) from (5.8) (pressure drop is the same for both phases), the pressure 
drop can be eliminated so that the following equation for the two-phase mixture is obtained. 










  (5.9) 
 













v    (5.11) 
 
where the relative velocity between the liquid and vapor phase is marked as rv . The friction 
coefficients for the interfacial shear stress and wall shear stress are denoted as if  and wf , 
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  (5.12) 
 
If the flow reversal occurs, the superficial liquid velocity 0fj  . Then, Eq. (5.12) turns 











Figure 5.6 Control Volume Analysis for the Gap of a Subchannel during the Churn to 

















   
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  (5.13) 
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  (5.14) 
 
For the interfacial friction factor, the model developed by Wallis (1969) is adopted here as 
Eq. (5.15). 
 0.005 1 75 1if        (5.15) 
 
Substituting this equation into Eq. (5.14), the following finalized relationship can be 
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   (5.16) 
 
Given the fact of the current annular flow regime, the certain range of the void fraction can 
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where the void fraction   here represents the value at the gap. However, the drift-flux 
model developed earlier in this thesis is applied for the overall average void fraction in one 







the tubes, certain approximations are needed here to obtain the gap void fraction value. 
Two options are considered here. The drift-flux equation at the gap of the horizontal tube 
bundle system can be written as follows. 
 , 0, , , ,
g gap
gap g gap f gap gj gap
gap
j
C j j V

     (5.18) 
 
The first choice is to assume 
0, 0gapC C  and ,gj gap gjV v . In this case, the void fraction 
at the gap is not equivalent to that average over the whole channel which indicates 
gap  . Thus, Eq. (5.2) can be modified as the following Eq. (5.19). 
 , 0 , ,
g gap
g gap f gap gj
H H
j a a
C j j v
D D
       (5.19) 
 
where the assume the 
,g gapj  and ,f gapj  denote the minimum superficial gas and liquid 
velocity with respect to the minimum flow area, namely, the gap superficial gas velocity 
and liquid velocity, respectively. On the other hand, the gap superficial velocity and the 
average superficial velocity of the channel has the following relationships due to the 
conservation of the flow rate. 
,g gap g Hj a j D    (5.20) 
 
,f gap f Hj a j D    (5.21) 
 
The Eq. (5.19) can be further simplified as:  
 , 0 , ,
g gap H
g gap f gap gj
j D
C j j v
a
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   . This is physically not founded because the drift 
velocity cannot be infinity in any operating condition.  
 
Therefore, the alternative approach here is to equal the value of the void fraction at the gap 
to that of the area average which is gap  . The reason to make such assumption is due 
to the high velocity of the two-phase mixture through the channel. In such high flow rate 
case, the average void fraction over the entire channel can be regards as close as the void 
fraction value at the gap. By adopting this approximation, the void fraction of the gap can 
be calculated using the drift-flux correlation proposed earlier in this paper for parallel 
triangular, the normal square and normal triangular array of the horizontal bundle in a shell-
tube type heat exchanger. 
 
(2) Entrainment 
The second criterion of the flow regime transition from churn to annular flow can be 
obtained from the onset of droplet entrainment (Ishii and Grolmes, 1975; Ishii, 1977) which 
is sketched in Fig. 5.7. The wavelength of the roll-wave geometry is   and the amplitude 
of wave is mA . The entrainment criterion is derived based on the force balance on the wave 
















   (5.23) 
 




This criterion is derived based on the local film condition, so the geometry of the channel 
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  (5.24) 
 
where the superficial gas velocity here refers to the velocity at the gap. The second criterion 





















From the second criterion, the occurrence of the annular-mist flow in a horizontal tube 
bundle channel can be predicted. 
 
5.1.4 Transition to Finely Dispersed Bubbly Flow 
The last flow pattern of the cross-flow of the horizontal tube bundle is the finely dispersed 
bubbly flow. However, the flow regime map developed by Mishima and Ishii (1984) did 
not consider this flow pattern. Alternative approach to model the finely dispersed bubbly 
flow should be utilized. The flow regime map developed by Taitel et al. (1980) is another 
classically phenomenological approach to model the flow pattern transition criteria for the 
vertical tubes. This section will discuss about the modelling of the transition to finely 
dispersed bubbly based on the method by Taitel et al. (1980). In their study, they mimicked 
the method used by Hinze (1955) and Sevik and Park (1973) to determine the bubble 
breakup by turbulent forces. The method intrinsically relies on the critical weber number 










    (5.26) 
 
where the 2v  is the average value across the whole flow field of the square of velocity 
differences over a distance equal to the maximum bubble diameter. It is defined as follows 
associated with the energy dissipation per unit mass.  
 
2 32
max2v D    (5.27) 
 
However, the critical weber number Hinze (1955) suggested that a theoretical value of 0.59 








value of bubble breakup as 1.24. Unlike the in-pipe flow case, the external flow in a tube 
bundle is more complicated since the flow has no constrains along the tube axial direction. 
The turbulent kinetic energy should be smaller than that the in-pipe system to break up the 
bubble. Here we assume 0.2
critWe
N   to simplify the problem.  
 
The energy dissipation is obtained from the turbulent energy budget equation following the 
mechanical energy balance assumption that the turbulence energy consumption in the flow 
and the production are equivalent to each other. For engineering purpose, the source terms 
of the turbulence energy arise from the interfacial movement between phases 
corresponding to the summation of loss caused by drag force and energy loss of wall 
friction along the tube wall (Van Der Welle, 1985). Thus, the expression for the energy 
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where  1m g f        and the two-phase pressure drop is calculated by the 
Lockhart-Martinelli approach (Lockhart and Martinelli, 1949). The calculation approach 
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is the single phase liquid-only pressure drop using the JSME correlation 








handbook, 1993; Fujita et al., 1997) written as follows based on the Reynolds number 
revealing the flow characteristics. 
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   (5.31) 
 
where charA  is the characteristic area of the body shape when flow cross through the tube 
bundle. If the flow condition is forced circulation boiling of water such as reboiler and 
steam generator, the single phase flow frictional pressure drop can be calculated by the 

























,         N 1000
0.046




























   (5.34) 
 












   

  (5.35) 
 











       
                   
   (5.36) 
 
The limit size for the small spherical bubble during the turbulent breakup before reaching 
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Substitute the maximum bubble dimeter in Eq. (5.26). Since the pressure drop is already 
determined, the next step is to know the value of the void fraction which is already 








formula to finely dispersed bubbly flow developed by Taitel et al. (1980), the transition 
criteria for cross-flow in a horizontal tube bundle using the approach introduced above is 
an implicit function between superficial liquid and gas velocity. The final complete form 
of the flow transition criteria for cross-flow in a horizontal tube bundle is not intended to 
be written here because of its complexity.  
 
However, one more important thing is to assume the ending limit of the finely dispersed 
bubble flow curve. Taitel el al. (1980) suggests the bubbly flow must terminates at void 
fraction 0.52, but in a cross-flow condition for a horizontal tube bundle system, slug flow 
cannot form due to previous discussion. We set the cap bubbly flow for the next stage for 
the bubbly flow transition and the void fraction limit for that is 0.51. These two values 0.52 
and 0.51 are very close to each other. Thus, in this case, the void fraction value 0.51 is 
adopted for the boundary of the finely dispersed bubbly flow termination stage. An iterative 
method can be utilized to calculate the flow regime transition based on the superficial gas 
































Figure 5.8 Comparison of the Newly Developed Flow Regime Map with Existing Flow 
Regime Maps and Normal Square Array’s Data of (a) Ulbrich and Mewes (1994) with 
























Figure 5.9 Comparison of the Newly Developed Flow Regime Map with Existing Flow 
Regime Maps and Normal Triangular Array’s Data of (a) Grant and Chisholm (1979) 
with P/D = 1.25, (b) Nohrehkar et al. (1999) with P/D = 1.47 and (c) Kanizawa and 
Ribatski (2016) with P/D = 1.26. 
 
 
The new flow regime transition criteria for the cross-flow in a horizontal tube bundle 
system have been developed. The flow regime map for the cross-flow in a horizontal tube 
bundle system is plotted using the developed criteria. It is also validated against all the 
other existing flow regime maps and databases. Figures 5.8 and 5.9 show the results of the 
comparison of the newly developed flow regime map with the flow regime maps of Grant 
and Chisholm (1979), Ulbrich and Mewes (1994), Xu et al. (1998), Noghrehkar et al. (1999) 
and Kanizawa and Ribatski (2016), which are categorized into two types of configurations 








map predicts the reasonable flow regime transition lines since the trends compared with 
existing flow regime maps are similar except for the Grant and Chisholm (1979) which has 
relatively higher values for the superficial gas velocity for the flow regime transition lines. 
Kanizwa and Ribatski (2016) pointed out that Grant and Chisholm (1979) utilized a 
segmental baffled heat exchanger model unlike their own study which leads to flow 
accumulation of one certain phase impacting the flow pattern transitions.   
 
Figure 5.8 evaluates the performance of the new flow regime map’s performance against 
other flow regime maps with normal square array data. As can be seen in Fig. 5.8 (a), the 
prediction of the flow regime transitions for Ulbrich and Mewes (1994) almost matches 
the flow regime map determined by their own subjective method. Transition line from 
bubbly to cap bubbly for the new map agrees with all the bubbly flow data. The transition 
line from cap bubbly to churn flow in the new criteria is very close to 0.4 m/s, which is the 
starting point of superficial gas velocity of the transition line from bubbly to intermittent 
by Ulbrich and Mewes (1994). The discrepancy is due to the variance of flow regime 
definitions between the new flow regimes (churn) and the flow regimes (intermittent) 
defined by Ulbrich and Mewes (1994). The transition line from churn to annular well 
matches the data. The transition line to finely dispersed bubbly predicts the region with 
higher superficial liquid velocity and lower to intermediate superficial gas velocity. Thus, 
the newly developed flow regime transition map well predicts the flow regime transition 
for the experiment by Ulbrich and Mewes (1994). For the flow regime data by Xu et al. 
(1998) in Fig. 5.8 (b), the new flow regime map poorly anticipates the bubbly flow and 








transition satisfactorily but underestimates the flow regime transition line from churn to 
annular with a lower superficial gas velocity. The reason is that Xu et al. (1998) shared the 
similar segmental baffled heat exchanger model with that of Grant and Chisholm (1979). 
For the Noghrehkar et al. (1999) with normal square array in Fig. 5.8 (c), the predictive 
method estimates the flow pattern transition acceptably. The new flow regime map 
transition line from bubbly to cap bubbly agrees with the data very well and is very close 
to the transition line by Noghrehkar et al. (1999) using the subjective method. The flow 
definition by them is the cause for the discrepancy between transitions from cap bubbly to 
churn flow by the new map and bubbly to intermittent flow by themselves. The intermittent 
flow for now is still not yet been clearly defined and the definitions vary among all the past 
investigators. The new flow regime map regards the lower superficial gas velocity region 
of the intermittent flow defined by Noghrekar et al. (1999) as cap bubbly flow which has 
relatively large bubbles. The transition line from churn to annular flow possesses higher 
superficial gas velocity than the transition line from intermittent to dispersed flow, which 
is similar to Ulbrich and Mewes (1994). Thus, the dispersed flow in the study of Noghrekar 
et al. (1999) is similar to the intermittent dispersed flow of Ulbrich and Mewes (1994) 
indicating a higher superficial gas velocity for the annular flow so that the new flow regime 
map well predicts the transition from churn to annular.  
 
Figure 5.9 evaluates the performance of the new flow regime map compared with existing 
flow regime maps for normal triangular data. As discussed earlier, the new flow regime 
map’s poor performance against Grant and Chisholm (1979) in Fig. 5.9 (a) is due to the 








the superficial gas velocity for the transition from churn to annular. For the normal 
triangular array data by Noghrehkar et al. (1999), the flow regime transition lines by the 
new flow regime map captures the flow behavior for the bubbly flow very well. Meanwhile, 
the cap bubbly flow of the new model overlaps with the bubbly flow regime of Noghrehkar 
et al. (1999). This is due to the disagreement of the flow regime definition of the 
intermittent flow even though they utilized the subjective method of PDF of pressure drop 
instead of subjective method of flow topology observations. The new map’s prediction of 
the cap bubbly to churn flow transition line is very close to the bubbly to intermittent flow 
transition line by Noghrehkar et al. (1999). For the transition to annular flow, the transition 
line for the new map has a larger value of the superficial gas velocity than that of the normal 
square array. This is exactly the same trend as the flow regime map developed by 
Noghrehkar et al. (1999). They claimed that the normal triangular array layout delays the 
transition of the flow to higher gas velocity because of the geometric effect of the 
configuration leading to more effective disintegration of bubbles. The new flow regime 
map also performed satisfactorily with the latest predictive flow regime map developed by 
Kanizawa and Ribatski (2016) in Fig. 5.9 (c). For the bubbly flow and finely dispersed 
bubbly flow, the new map predicts the transitions within reasonable range. For the large 
bubbles which is a unique pattern defined by them, the new map predicts over half this 
regime as churn and the lower gas velocity part is regarded as bubbly flow. For all the 
churn flow regime, the new map almost covers all the data while the lower gas velocity 
portion is regarded as large bubbles and higher gas velocity portion is regarded as 
intermittent flow by Kanizawa and Ribatski (2016). For the annular flow, the new 








own predictive approach. Overall, the new flow regime map is well validated by the 
existing flow regime maps and data sets. In the Appendix (flow regime map by Aprin et 
al., 2007 and Hang and Teng, 2012), the performance of the new flow pattern map 
compared with more databases will be discussed. 
 






















Figure 5.10 Sample Calculations using Newly Developed Flow Regime Maps. 
 
 
Form the above Fig 5.10, the simulation results of the newly developed flow regime maps 
for prototypic condition of the cross-flow in steam generator and for adiabatic cross-flow 








flow pattern map in a steam generator operating condition with 0.019 mD   and
 = 1.42P D  for all three types of array configurations. It should be highlighted that the 
cap bubbly flow region is smaller than that in an adiabatic case. Because the new flow 
regime map adopts the drift-flux correlation developed in this work so that the calculated 
drift velocity for the boiling two-phase flow in the U-bend section of the steam generator 
approaches zero contributing to a linearized shape transition line presented in the figure. 
The transition occurs at lower gas velocity than that of the adiabatic case. Simultaneously, 
the geometric effect of the layout indicaties a higher transition gas velocity for the normal 










CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 
6.1 Summary of Work 
Chapter 1 introduces the background of the current research in steam generator code 
development. In chapter 2, intensive literature review of existing data and void fraction 
correlations has been done to develop a more generalized drift-flux correlation which can 
be applied for a variety of fluids or refrigerants. Chapter 3 discusses about the methodology 
developing the new drift-flux correlation. The newly developed drift-flux correlation 
accounts for geometry effects of the cross-flow through horizontal tube bundle. Asymptotic 
distribution parameter was set as a constant in this paper. Alternative values of distribution 
parameter have been given in the model based on array configurations. Drift velocity 
correlation is proposed analytically by considering the viscosity number used in the 
Kataoka-Ishii correlation (1987) modelling approach. In tube bundle systems, the drift 
velocity is smaller than that in pipe channels due to obstacles in the flow direction while 
larger for high viscous fluids than lower viscous fluids but under the upper bound of 
Kataoka-Ishii correlation. Hydraulic diameter has been defined to characterize the flow 
behavior of the entire channel. Modifications on the distribution parameter and drift 








-tion conditions such as annular flow. Then, the void fraction prediction results for 
horizontal tube bundle cross-flow have been compared with existing data and void fraction 
correlations, and show good agreements with all data, with a mean absolute error of 1.06% 
and a standard deviation of 4.47%. The scalability of the developed drift-flux correlation 
has been tested by simulating cross-flow under hypothetical heat exchanger working 
conditions. In addition, a guide has been proposed to implement the drift-flux model into 
the code to predict the void fraction over the entire region of the steam generator. Chapter 
5 intensively reviews all the available databases for the existing flow regime transition 
criteria and flow regime maps for cross-flow in horizontal tube bundles. All the flow 
regime definitions from all the authors have been introduced along with their own flow 
regime data and flow regime maps. Chapter 6 discusses about the methodology of 
developing the flow regime transition criteria of the cross-flow in horizontal tube bundles. 
Then, the newly developed flow regime maps have been validated with existing flow 
regime maps with data. The evaluation results show good performances of the new flow 
regime transition criteria with all the available flow regime data. In the late part of this 
chapter, the sample flow regime maps for both of the prototypic steam generator and 
adiabatic heat exchanger system operating conditions are given. In the appendix, the 
comparison of the newly drift-flux correlation with the data of Schrage et al. (1988) has 
been performed. In the meantime, the simulation results of the new flow regime transition 











This study reveals the following important results and the author would like to make the 
following recommendations based on this work of cross-flow analysis. 
(1) The estimated void fraction with the newly developed drift-flux correlation is 
reasonable compared with other correlations based on its plausible trends for both 
of the steam generator and atmospheric heat exchanger operating conditions. The 
new model considers the types of fluids, geometric effects and the important 
mechanism of the bubble disintegration and coalescence.  
(2) The developed drift-flux correlation improves the prediction accuracy of void 
fraction in shell-tube heat exchanger and will also be implemented into steam 
generator computer programs for better simulations by further verifications and 
validations. The current drift-flux correlation can be improved with more 
experimental data of a full range of void fraction and quality in cross flows with 
different pitch geometries and fluids. 
(3) The flow regime transition criteria for the upward two-phase cross-flow in 
horizontal tube bundle systems can be well predicted under various operating 
conditions based on the classical theory of the flow regime transition criteria for the 
in-pipe flow by Mishima and Ishii (1984) and Taitel et al. (1980). However, due to 
the differences between the internal and external flow, some important factors 
should be taken into account such as the geometric layout for the tube bundle and 
the distance between the bundles. Future work will investigate the bubble size 
effects associated with the gap between tubes on both of the flow regime transition 
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Schrage et al. (1988) Database 
Table A.1 lists all the experimental test conditions for Schrage et al. (1988) Database. They 
utilized quick-closing plate valves to measure volume-average void fraction and developed 
the empirical correlation shown in Eqs. (2.29) and (2.30). The performance of the Schrage 
correlation against all existing database mentioned in chapter3 has been evaluated in Table 
4 with both a mean absolute error of -16.0% and a standard deviation of 11.6%, which is 
moderate among all other existing void fraction correlations in Table 3.1. But the data is 
still not considered for modelling in the context because Schrage’s data overly 
underestimated the void fraction when compared with other data. Figure A.1 is the drift-
flux model linear fitting for Schrage’s data for normal square tube bundles. It should be 
noted that the fitted drift velocity is larger than those of other data. This yields a higher 
dimensionless drift velocity which deviates from other values as shown in Fig. A.2. Figure 
A.3 presents the void fraction calculated by newly developed drift-flux correlation for 
horizontal tube bundles compared with Schrage’s data. It is interesting to note the poor 
agreement between the data and correlation indicate the possible inappropriateness of the 









Table A.1 Schrage et al. (1988) Data used in the Paper for Cross-Flow in Horizontal Tube Bundles. 
Data Source  
Array 
Type 



















Schrage et al. 
(1988) 
NS 1.3 0.00794 4×27 
Air-water at 
10℃ 







Table A.2 Performance Evaluation of Schrage Correlation for Cross-Flow Data in Horizontal Tube Bundles. 
Comparison of Correlation with All Data md [%] mrel [%] mrel.ab [%] sd [%] 
Schrage Correlation -16.0 -45.8 47.6 11.6 
Comparison of Correlation with Parallel Triangular Pitch Data md [%] mrel [%] mrel.ab [%] sd [%] 
Schrage Correlation -7.38 -20.5 20.8 3.89 
Comparison of Correlation with Normal Square Pitch Data md [%] mrel [%] mrel.ab [%] sd [%] 
Schrage Correlation -15.8 -53.1 57.3 11.6 
Comparison of Correlation with Normal Triangular Pitch Data md [%] mrel [%] mrel.ab [%] sd [%] 
























Figure A.2 Dependence of Dimensionless Drift Velocity on Viscosity Number for Cross-











Figure A.3 Comparison between Newly Developed Drift-Flux Correlation and Normal 








Aprin et al. (2007) Database 
The flow regime map and data by Aprin et al. (2007) has been shown in Fig A.4. Summary 
of their experiments has been tabulated in Table A.3. Figure A.5 presents the results of the 
comparison of the newly developed flow regime map with the flow regime maps by Aprin 




Figure A.4 Flow Pattern Map of Vertical Upward Cross Flows across Tube Bundles 

























Figure A.5 Comparison of the Newly Developed Flow Regime Map with Flow Regime 
Maps by for Parallel Triangular Array’s Data of Aprin et al. (2007) with P/D = 1.33: (a) 











Table A.3 Aprin et al. (2007) Data used in the Paper for Cross-Flow in Horizontal Tube Bundles.  
Data Source  
Array 
Type 














Aprin et al. 
(2007) 
PT 1.33  
0.0190
5 
4×9 Propane at 3~53 13 518 9-45 





6×10 Iso-butane at 10~52℃ 15.4 525 8-44 
Aprin et al. 
(2007) 
PT 1.33  
0.0190
5 










Hong and Teng (2012) Database 
The flow regime map and data by Hong and Teng (2012) has been shown in Fig A.6. 
Summary of their experiments has been tabulated in Table A.4. Figure A.7 presents the 
results of the comparison of the newly developed flow regime map with the flow regime 




Figure A.6 Flow Pattern Map of Vertical Upward Cross Flows across Tube Bundles 














Figure A.7 Comparison of the Newly Developed Flow Regime Map with Flow Regime 
Maps by for Normal Square Array’s Data of Hong and Teng (2012) with: (a) P/D = 1.8, 








Table A.4 Hong and Teng (2012) Data used in the Paper for Cross-Flow in Horizontal Tube Bundles. 
Data Source  
Array 
Type 














Hong and Teng 
(2012) 
NS 1.8  0.02 4×10 Air-water at 10~20℃ 1.5 998 20-401 
Hong and Teng 
(2012) 
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